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PREFACE. 



The aim which the writer has proposed to herself in the present 
little work, is to give such an outline of modern electrical science as 
may be readily understood by readers who have no previous acquaint- 
ance with the subject, and who, though unable to make a serious 
study of it, wish to acquire sufficient knowledge to enable them ta 
follow with intelligent interest the marvelous and rapid progress 
which is being made in this ever-widening field, /rhat a science so. 
comprehensive as that of electricity should be exhaustively dealt 
with in a sketch for general readers, is out of the question, even 
though the task had fallen to a far more competent pen than that 
of the writer. Nevertheless, a sketch sometimes answers a very use- 
ful purpose, in awakening a keen desire for a closer and fuller 
'acquaintance with the truths of which it gives an indication. Should 
this be the case in the presence instance, the writer would be abund- 
antly rewarded for what has been throughout a labour of love. At 
any rate most persons will agree with her, that to have no knowledge 
whatever of the striking advances which are being made in all 
branches of physical science, and especially in those which fall 
within the scope of " Electricity," is a considerable intellectual loss. 
It is even more than this, for there is no aid to faith in the Invisible 
greater than the pursuit of knowledge, which is for ever obliged to 
penetrate beyond the apparent in order to keep in touch with the 
real. 

In conlusion, the writer desires to express the deep obligation under 
which she lies to Professor Ayrton, for most valuable assistance ia 
the revision of the proofs, without which she feels that her work 
would have far less right to be regarded with confidence than she 
trusts is now the case. She has also to acknowledge the courtesy of 
Professor Silvanus Thompson and his publishers, in allowing her the 
use of several illustrations (Figs, ii, 12, 13 and 14) from his work, 
" Elementary Lessons in Electricity and Magnetism;'* and of Messrs. 
Siemens Brothers ; Lang, Wharton and Down ; and Batley and 
Greenwood, for the illustrations of dynamos, etc., in Part IV. 

j^UUA MARIE CAILLARD. 
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PART I. 



CHAPTER I. 

ELEMENTARY PHENOMENA. 

Definition of Static Electricity — Electrical attraction — Known to the ancients as a 
property of amber — Gilbert's discoveries — Electrical repulsion — Two opposite 
states of electrification — Explanation of the terms vitreous and resinous — Super- 
seded by positive and negative— Franklin's theory — Idea of excess and defect 
acknowledged in modem science — Proofs of its correctness — Analogy between 
the present state of knowledge of positive and negative electricity and the pre- 
scientific knowledge of heat and cold — Conductors and non-conductors — Meaning 
of charge and discharge— Induction — Action of points. 

UNDER the head of Static Electricity are classed those phenomena 
which are not caused by a continuous flow or " current " of 
electricity ; and though they were the earliest known, and are fre-^ 
quently considered as appertaining more or less to elementary knowl- 
edge, they yield neither in interest nor importance to the other 
branches of the science. Of late, special attention has been devoted 
to them by various scientific experimenters, as modern research leads 
to the opinion that here, if anywhere, will be found the ultimate solu- 
tion of some of the many vexed questions surrounding that ever- 
recurring inquiry, " What is electricity ? " Moreover, the eminently 
practical and useful study of atmospheric electricity belongs chiefly ta 
this branch of the science, which cannot therefore be considered a& 
either barren or uninteresting. 




STATIC ELECTRfCITY. 



The first electrical phenomenon which claims our attention is that' 
I of attraction. Through the whole domain of Nature we are familiar 
with attraction under one form or another. There is the attraction 
of the members of the solar system for each other and for their 
great centre ; the attraction between the earth and all terrestrial ob- 
jects ; the attraction between particles {or molecules) of matter, which 
enables them to form into the larger and smaller masses which we 
call bodies ; lastly, there is the attraction between the elementary 
chemical atoms leading them to combine and re-combine in an endless 
variety of ways, thus producing all the different substances with which 
we are acquainted. And now on the threshold of this latest developed 
science we are confronted with Jhe phenomenon of attraction again, 
in a new form and under different conditions certainly, but an old 
friend nevertheless. 

It is supposed that Thales, one of the seven sages of Greece, was 
the first to discover that amber when rubbed acquired the power of 
attracting small light bodies to itself. Be this as it may, the fact was 
known to his countrymen hundreds of years before the Christian era ; 
and to the Greek word " electron," amber, is due the name electricity. 

Two thousand years passed away, and, save that jet was found to 
share the same property as amber, no further advance was made in 
electrical knowledge. Then, in the reign of EliKabetli, so fruitful in 
progress of all descriptions, Dr. Gilbert, of Colchester, whom the 
Queen had appointed her physician chiefly nut of admiration for his 
acquirements in natural science, added several facts to the one which 
had so long held the field atone. He found that glass, rock-crystal, 
gems, sulphur, resin, and various other substances developed on fric- 
tion the same power of attraction as amber and jet. He called these 
electrics. Metals and such substances as appeared devoid of any at- 
tractive property he termed non-electrics. Gilbert was wrong in this 
classification, however ; for, under suitable conditions, to be presently 
described, all substances behave as electrics, Gilbert also ascertained 
that moisture prevented the success of his experiments, and that an 
electrified body, if set on fire, passed through a flame, or made very 
hot, iost all sign of electricity. 

It is easy to reproduce Gilbert's experiments on electrical attraction, 
A rod or tube of glass held in the hand and rubbed with a silk cloth 
will powerfully attract small pieces of paper, pith, or other light 
bodies, just as a magnet will attract steel filings or needles ; with the 
difference, however, that whi-reas in the magnet the force of attraction 
seems to lie in the two ends, in the rubbed glass it exists all over the 
surface, so that the pieces of paper will adhere to it anywhere. 

Electrified objects possess a force of repulsion as well as of attrac- 
■, in making the above experiment, it will be noticed that in a 
rort time the pieces of paper or pith fall off the glass, and will not 
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nt once be attracted to it again. If, however, while they are in a statt I 

of repulsion toward the glass, a stick of rubbed sealing-wax be ap- I 

prciaclied, they immediately fly toward and adhere to that, to be again I 

soon repelled, when the glass will be once more found able to attract 1 

them. These phenomena point to the conclusion that bodies can be I 

electrified in two ways, and that those electrified in the same way re- I 

pel, while those electrified in opposite ways attract each other." h I 

still more striking proof is afforded by the fact that a couple of rubbed I 

glass rods suspended by silk threads repel each other, and so do two j 

rubbed sticks of sealing-wax, but the glass attracts the sealing-war 1 
Band the sealing-wax the glass. 

■ These opposite kinds of electricity were at first called vitreous and 

^ktsimiis, because it was believed that "vitreous" substances always 

fc;ave signs of one kind of electricity and "resinous" of the other, Thisi 

Bs a mistake, however. Glass rubbed with .silk becomes "vitreously" I 

fclectrified, but rubbed by fur becomes "resiuously" electrified. It is I 

Evident, therefore, that the kind of electricity manifested depends on A 

Kome relationship between the rubber and the object rubbed ; and 'J 

Ht is now supposed that the substance whose molecules are least dis- J 

■fnrbed by friction shows " vitreous " electricity, and the one where I 

HBiey are most disturbed "resinous," These terms vitreous and resin- I 

M>U5 have, however, quite fallen into disuse, and are replaced ti-j positive I 

nnd negative, known in technical works by the signs -|- and — , The J 

American philosopher, Franlilin, was the first to introduce them, as he I 

■was also the first to formulate a theory justifying their use. He sup- I 

l>osed that electricity was an invisible and imponderable fluid, existing i 

En a certain fixed quantity in all bodies in a natural state, and that I 

Ktie positive state of electrification showed an excess, and the negative I 

Ktate a defect of this fluid. Whether electricity be or be not a fluid,' I 

Bt is now agreed that it is equally distributed in all bodies which are I 

Kn a natural state, and that the idea of excess and defect does truly J 

Represent the conditions that occur in positive and negative electrifi- i 

cation ; which is actually the state of excess and which of defect not J 

being, however, a matter of certainty. Practically, positively electri- I 

fied bodies are considered and treated as those in which there is an I 

excess of electricity. I 

* It has been proved that two small electrilied bodies attract orrepel each otherwith ^ 
a force varying inversely as the square of the distance between them. This law is I 
Bfcnuwn as Coulomb's law. he having been the Ursi t» discover it. I 

^B ' It is certainly not a fluid in the ordinary acceptation of the term ; and in spieakinK,^ 
^b electricity at all as a separate entity, care must be taken to remember that this m J 
HBone for convenience' sake. We speak of " electricity " as we might speak of a gale J 
Pw a whirlwind. These have no existence apart from the air of which they are certain 
vMates or coodilions, and in the same vray the various electrical phetiomena are causci^ 
Riby conditions not of the air, but of another medium, to which further reference will bd 
■imiide hereafter. 
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One proof o( the trutli of this theory of excess and tiefett lies in the 
fact that it is impossible tu produce a manifestation of oiii? kind ol 
electricity without causing an equal quantity of the other lo appear:'' 
also. A rubbed glass rod becomes positively electrified, but the silfc 
which rubs it becomes negatively electrifiedj as can be seen by using- 
it fastened to a glass handle instead of holding it in the fingers. After 
friction it will be found that both the glass rod and the silk will attract 
small neutral bodies, and thai when these are respectively repelled,, 
those repelled by the glass will be attracted by the silk and vice versa. 

Many persons seem to find a difficulty in these terms positive and 
negative, asserting that it is impossible to attach a definite meaning 
to them, as they convey no clear idea to the mind, There is na- 
doubt, indeed, that if scientific men really knew what positive and 
negative electricity are they would be able to find better names for 
them. In the meanwhile, as the idea which is wanted to be conveyed 
is that the two electricities are of opposite kinds, perhaps the terms. 
positive and negative a/e as good as any that could be put forward. 
One is almost afraid in the present state of knowledge of venturing 
the analogy, but possibly the experience which has been gone through 
in the case of heat and cold may aid the conception of some readers. 
Cold is the opposite of heat ; we now know that it is merely a 
negation, the absence of heat ; people did not always know this. 
They supposed that cold was a thing in itself, but this error did not 
prevent their having a very clear practical conception of what cold 
was, and of knowing what they must do to neutralize it — produce 
heat. In the case of electricity the converse of this experience ii 
taking place. We say positive and negative electricity are opposit^. 
and it has been assumed that the positive is the thing in itself, 
the negative, the negation, the want of this thing. But this is 
true ; negative electricity is as real as positive, though no one can 
pronounce what either is. Pending further discoveries, however, we 
may have, and electricians have, quite as good a working conception 
of positive and negative electricity as the generality of mankind had' 
of heat and cold before science had discovered what these really 
were. Moreover, it is perfectly nnderstood what must be done to^ 
neutralize one kind of electricity — produce the othur.. 

It will have been observed that a silk thread was recommended for' 
suspending the glass and sealing-wax in one of the experiments above 
described, and that in order to discover the electrical state of the 
rubber it must not be handled in use, but fixed to a glass stem. The- 
reason is that some substances are conductors, and some non-con 
luctors of electricity. An electrified body placed in contact with thC' 
inner at once parts with its surplus electricity to them, or, if it be 

state of defect, receives from them the electricity needful to restore 
'it to a natural state. Non -conductors, on the contrary, do not allow 
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ifttree passage of electricity to and from them in this way, an<J 1 
ionsequently an electrified body, in contact with them only, cannot I 
ts normal condition until it has been touched by i 
fductor. To this latter class belong all metals, impure water and j 
:harcoal. Animal bodies, dry wood, and a few other substances are 1 
partial conductors. Oils, silk, porcelain, dry air, and all the so-called ] 
"electrics" are non-conductors or insulators, thus named because an | 
electrified body surrounded by them is insulated, so far as its electri- 
cal condition can be affected by conduction, from every other object; 
and any body, no matter how good a conductor it may be, will in such a 
position become an "electric." It is for this reason that Gilbert's 
division of bodies into " electrics " and " non-electrics " was erroneous. 
Had he fastened a piece of metal to a clean, dry glass support, and 
touched it with an electrified body, he would have found the metal : 
acquire the same property of attraction as amber or rock-crystal ; for 
conductors need nothing more than contact at one point with electri- j 
led bodies to become electrified themselves over their whole surface, i 

the case of non-conductors, on the contrary, every part of the 
irface must be separately touched and excited. It is for this reason 
:at friction is necessary in their case, and it will be the more effectual I 
fee more markedly different is the electricity which they develop ; for \ 
itages in this respect, some substances being relatively to 
loh other much more decidedly positive and much more decidedly I 
legative than others. ] 

A body in an electrified state is said to be "charged," and it is. 
"discharged " when it returns to its natural condition. At the j 
moment of discharge a crackling noise is often heard, and, if in the j 
dark, smali sparks may be seen. The rubbing of a cat's back with I 
the hand will produce these, and also, in certain dry states of the 1 
atmosphere, combing the hair. Conductors are instantaneously dis- 
charged if touched by the haod, or by any object in connection with 
the earth {/. e., in electrical connection by conductors, or partial con. J 
ductors, such as the floor and walls of a house, for instance) ; but in j 
the case of a " highly " charged body, it is not always safe to use the J 
hand as a discharger, for the passage of electricity through a living I 
•body produces curious and strongly marked physiological effects, and | 
in some instances the disturbance may be so great as to occasion loss I 
of consciousness, and even of life, as when a person is " struck " by 1 
lightning. It is hardly necessary to observe, however, that to pro- 
duce such phenomena as these an apparatus very different from roda j 
of glass and sealing-wa.x is required; and, in fact, for any but the I 
most elementary experiments an electrical machine is needed. Before I 
entering into any details on this subject, however, some deacriptioo^ 
must be given of what is called declrical induclion. ^k 

An electrified body brought near a conductor has the pow V 
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uising the latter to become electrified also, but in thu opposite way ■ 
1 itself. Thus, if the former be positively charged, the latter wUl 
become negatively charged ; and although, if uninsulated, it would be 
incapable under ordinary circumstances of retaining the electrified 
. State, in the present instance it will do so, as long as it remains in 
I the neighborhood of the influencing conductor. Such a charge as 
this is called an induced (harge, and electricity under such conditions 
aid to be bound, because the close proximity of a charge of the ^ 
I opposite nature prevents it from availing itself of the open way of J 
escape to the earth, which it would otherwise immediately take, 
both the conductors are insulated, the effect produced is different. 
Suppose the inducing charge to be po.sitive as before, it cannot now i 
, give rise to an induced charge which is wholly negative, because I 
there is no means of escape for the positive electricity contained ia I 
the conductor which is being influenced. The negative electricity of 1 
the latter is therefore attracted to the end nearest the positively'! 
»:harged conductor, and the positive electricity is repelled to the far- 
r Cher end, so that the two ends are electrified in opposite ways, while 
I the middle appears to be in its normal condition (see Fig. i). Could 
the conductor be divided in 
^ two — an arrangement often _ 
made to exhibit this phenom- \ 
.enon — that half of it which 
had been nearest the posi- 
tively electrified body would 
be found negatively charged, 
and that which had been ' 
farthest from it, positively! 
charged. Charge by indue- 
tion differs from that by con- 
duction, therefore, in the fact 
that the former can be caused by altering the distribution of elec- 
tricity, while the latter requires an alteration of quantity. For in- 
stance, if an uncharged insulated conductor were brought near a 
positively charged insulated body (as in Fig. i), no electricity would 
lae put into or taken out of the former ; so that if its power of acquir- | 
ing a charge depended oniy on an alteration of the quantity of elec- J 
tricity possessed by it, it could not under these circumstances be.^ 
charged at ail. Yet, as a fact, a conductor thus placed does become 
charged, one end (or side, if it be an upright bar or sheet of metal) 
positively, and the other negatively. If the influencing body be 
taken away, the conductor will return to its natural electrical state ; 
but if the former be left, and the latter co^inected to earth, the con- 
tlnctor will become, as we have seen, negatively charged ; and if it be 
then insulated again, and the positively charged body removed, 
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ELECTRICAL MACHINES— EFFECTS, 13 

will retain its negative charge, because now an alteration has takei\ 
place in the quantity of electricity it possesses, some having escaped 
to the earth, and therefore while insulated it cannot return to its 
natural condition. 

We have hitherto been considering the inducing and induced 
charges as separated by a thickness of air great enough to form an 
insurmountable barrier to their union. Suppose the two bodies to be 
approached nearer to each other, this barrier may become too slight 
to resist the strain which is going on ; and, just as the pressure of 
water oh a dam may burst the dam, so the accumulated electric pres- 
sure bursts the insulating medium, a spark and report take place, and 
the two bodies are discharged. The subject of induced charges and 
the phenomena connected with them is full of interest, and will be 
referred to at greater length in Chapter IV. Meanwhile, before en- 
tering on a description of electrical machines, another fact of great 
importance must be stated, viz., the action of points on electricity, 
Franklin was the first to discover this, and he found that their effect 
is twofold. A pointed conductor both collects a far greater quantity 
of electricity than one with a flat or rounded surface, and the dis- 
charge from it is also much more rapid and powerful. 



CHAPTER II. 

ELECTRICAL MACHINES AND THEIR EFFECTS. 

General principles of electrical machines — ^Von Guericke's machine — Cylinder and 
plate machines — Use of points in electrical machines — Experiments with elec- 
trical machines — Electric chimes — Electric windmill — Luminous effects — Electric 
spark — Brush discharge — St. Elmo's fire — Electrical glow — Discharge through 
rarefied air and gases — Return shock — Production of ozone — Difference between 
frictional and influence machines — The electrophorus. 

AN electrical machine must always consist of two principal parts, 
one for producing and the other for collecting electricity ; and 
in frictional machines the quantity of electricity brought into play de- 
pends on three things — the extent of surface subjected to friction, 
the amount of friction used, and the nature of the two substances 
brought into contact. These should always be chosen so that the one 
should be the most posij;ive and the other the most negative possible, 
relatively to each other. The first frictional machine was invented 
by a German, Otto von Guericke, in 1680, and consisted of a large 
sulphur ball, supplied with a wooden axle, and mounted on a frame. 
The hand was used as a rubber ; and with this simple contrivance 
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Voti Guericke succeeded in producing much more powerful effecCsJ 
\ "than had ever been obtained before. 

The modern frictional machine is, however, very far superior tO'l 
f this. The surface lo be rubbed usually consisis of a large gias 
I cylinder or plate, provided with a handle by which it can be turned, J 
I aiul the rubber of a leather cushion or cushions, coated with a poff- J 
dered amalgam of zinc or tin. In front of the glass, but not touch- \ 
ing it, is placed the "prime conductor," which must, of course, bo jj 
insulated. It consists in the case of the "cylinder machine" {Fig.," 
2) of a thick bar of metal, either solid or hollow, placed on glass \ 
■ supports, and provided with a row of small metal spikes at ihe end I 
nearest the glass cylinder ; and in the case of the plate machine, of 1 
two bars similarly armed, or of one bent round so that both its ends 
should be presented to the flat surface of the glass, or else of a large I 
metallic ball, on which a smaller one is often placed. When the han- 
dle is turned, positive electricity appears on the glass and negative on I 
■the rubbers, which are generally provided with a metal chain, con- 




necting them to " earth " through the floor and walls of the building. 
The positive charge on the glass induces a negative charge on the 
nearest end of the prime conductor, whose positive electricity is re- I 
pelled lo the farther end, and is in fact the charge used for the \ 
■experiments required. The metal points discharge the negative elec- 
tricity at the near end, in a powerful stream, on that part of the glass 
plate which is opposite to them for the moment, and which conse- 
quently returns to the rubbers as the plate continues to revolve, 
unelectrified and ready to be excited again. This is an important 
part of the arrangement, because bodies cannot receive an unlimited 
amount of electricity. When charged up to a certain degree (which 
varies according to the shape, size, and position of the body), they 
■cannot be further electrified until discharge hps taken place ; and the 
s plate of the frictional machine would reach its highest effective 
, point, and be incapable of further strengthening the induced charge 
■on the prime conductor, in a very short time, if it were not for the 
n of the points above described. As the machine is provided 
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, however, the induced positive charge at the farei 
[•conductor becomes very powerful, and long sparks ran be dr£ 
it by presenting another conductor, and experiments performed to 
^demonstrate various electrical phenomena. One sometimes i 

llustrate attraction and repulsion is the production of "electric 
l^himes," first invented by Franklin. Three bells are himg from thej 
■prime conductor, the two outer ones by wires, the inner one by 
thread, and having attached to it a metal chain connected with the 
ground. Two brass balls hung by silk strings are placed between 
the bells, which being positively electrified through their connection 
Tvith the prime condictor, attract them, and are struck by the balls. 
The latter becoming immediately charged with the same electricity, 
■are repelled and attracted toward the uninsulated central bell, against 
which they strike and discharge themselves, when the outer 
again attract them. Thus they go on alternately charging and dis- 
charging themselves, and causing thereby the musical "electrK 
■chimes." 

Another experiment often shown is the electric windmill, which 
illustrates the action of points. It consists of straws or very light- 
s placed crossways and supported on a pivot, with the-' 
pointed ends all bent at right angles in the same direction. The 
whole arrangement is then fixed on the prime conductor of an electrical- 
machine, and becomes strongly electrified, the greatest quantity of.' 
lectricity collecting at the points, from which it streams off, causing,.! 
y the repulsion of the air-particles which it electrifies, a current 
if air known as an electrical "whirl." The effect of this is ti 
rive the windmill rapidly round in the opposite direction to that, 
if the points. Such a current is often strong enough to bli 
;he flame of a candle, and can always be felt by placing the ham 
in its palh. 

Beside demonstrating very strikingly electric attraction and re-, 
pulsion, the action of points, and various other interesting pheno- 
mena, electrical machines can also produce luminous effects, which 
are simply reproductions on a small scale of the grand and beautiful 
natural appearances caused equally by electricity. The electric spark 
bas already been mentioned, and it is simply a miniature flash of 
lightning ; the very shape of the one, with its sinuous and branching, 
ipearance, irresistibly recalling the other, even to the most cursory, 
■observation. The electric spark is vivid enough to be seen in broad: 
daylight, but an equally beautiful though less brilliant effect is the- 
brush discharge, which^equires a darkened room in order to be made 
visible. It is caused by a continuous flow of electricity from 
conducting body. To facilitate this from an electrical machine, a, 
piece of wire-filed at one end is attached to the prime conductor, or, 
if the latter be highly charged, a bullet will answer the purpose. A- 
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ijfaii-like brush of light, whose pointed end rests on the piece of wire j 
lor bullet, is ihen seen, varying in strength according to the nature J 
I and amount of charge of the conductor, and being always larger and I 
I brighter when the latter is positively than when it is negativelj' 1 

• charged. The brush discharge is usually accompanied byaconlinu- I 
Ions hissing noise, very different from the sharp crack of the spark ;_■] 

■ but if the conductor be pointed the discharge takes place silently, J 
rand is attended by a pale-blue light, called an "electrical glow," j 
I which becomes a small bright star if occasioned by negative elec- I 
P.tricity. " St, Elmo's fire," often seen by sailors on the masts of their ] 

■ ships, is an example of glow discharge. It is also sometimes observed \ 
on trees, and more frequently on spears and lanceheads, or on the 
points of bayonets. Such appearances only occur when the atmos- ' 
pheric electricity is in a ver}' disturbed state, most frequently before, J 
and during storms. J 

The usual appearance of the electric spark is, as has already been j 
stated, that of a miniature flash of hghtning; but if it is made to I 
pass through a tube in which the air has been rarefied, a great change , I 
takes place. The light assumes a violet tint, and spreads out so as 1 
to fill the whole tube, if the latter be not too wide, flickering in such 
a way as to suggest the idea of undulations traveling in the same j 
direction as the positive electricity. " Geissler's tubes" are generally 
used for making experiments of this kind. They are simply thin ^ 
. glass tubes, blown into the required shapes and partially exhausted ^ 
1 of air ; into each end is fused a piece of platinum wire, by means of 
I which the spark is conducted into the tube. Very interesting and j 
I beautiful effects are produced by these means. It is found that at the j 
I positive pole there is usually a single small bright star of light, while 
I the negative pole is surrounded by a blue or violet-tinted glow, sepa- 
I rated from the pole, however, by a small dark space. The more the j 
r is rarefied the paler does the luminous discharge become, and if ' 
I exhaustion is carried to a sufficiently high pitch the whole tube be- 
r comes dark. The darkness appears to proceed from the negative 
I pole, as with every increasing stage of exhaustion the dark space be- 
L tween it and the glow of light grows wider. Sometimes all the hght 
I in the tube breaks up into successive patches or stria, as they are 
I called, which vibrate to and fro. These stris have their origin at the 

• positive pole, and commence at a certain pitch of exhaustion, increas- 
ing in number as this increases for some time, when if the air or gas 
be still further rarefied they grow fewer and thicker. The color of 
this luminous discharge is found to vary with the kind of gas through 
which it passes, and also with the nature of the metallic conductors 
forming the opposite poles. The former cause is most active when 
the discharge is weak, and the latter when it is powerful. To observe 
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V tubes. The light is seen to be of a 
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violet tint in air and oxygen, blue in nitrogen, red in hydrogen, and 
white in carbonic acid.' 

The effect produced by the metal conductors on the color of the lumi- 
nous discharge seems to be due to the vaporization of small particles,, 
owing to the intense heat developed' at the respective poles^ and, in- 
deed, along the whole passage of the spark. This heat is so great 
that fine wires may be made red hot and even fused by it, presenting: 
an analogy to what sometimes occurs in the case of lightning and! 
lightning conductors. The latter, especially in former daysy whei^ 
their proper construction was less well understood, have not infre- 
quently been melted by a violent discharge. 

Persons standing near a powerful' electrical machine at work of ten- 
experience a curious sensation, as though a cobweb were spread over 
the face, and when it is discharged they perhaps feel a " shock ;" this 
is the same thing as what is known as the " return shock " in the case 
of a lightning flash, and is caused by induction.* In both cases the 
presence of a charged body (be it cloud or electrical machine) causes 
a charge of opposite sign in other bodies near it, and when it is dis- 
charged they also discharge themselves, and in the case of a living: 
being a '' shock " is felt. There is also invariably a peculiar and 
powerful odor in the neighborhood of an electrical machine in action,, 
due to the presence in large quantities of ozone, which is a modified 
and, so to speak, condensed form of oxygen, and to which further 
reference will be made in a future chapter. 

The machines of which a slight description has been given above^ 
though partly owing their efficiency to induction, are known by the 
name of frictional machines, since it is friction which generates and 
keeps up the supply of electricity. There are» however, other 
machines much more powerful, and greatly used in laboratory experi- 
ments, which are wholly dependent on induction; and just as the 
parent of the perfected frictional machines of modem days was the 
homely apparatus of Otto von Guericke, so the progenitor of the 
powerful " influence " machines is the simple, and, to all students of 
electricity, familiar little instrument known as the electrophorus. 

As its name indicates, it is a contrivance for carrying electrical 
charges from one place to another. It consists of three parts, two 
metal discs or plates, one of which is provided with a glass handle, 
and a slab of resin or ebonite — usually the latter in modem instru- 
ments — which fits into the lower plate (see Fig. 3). The ebonite is 
electrified by friction with wool or fur, its charge being, of course, 
negative. The upper metal disc is then placed upon it, but does not 

* Sparks from induction coils are more frequently used in these eqperiments than 
those from electrical machines. See p. 97. 

^ It appears, however, that other catises may be at worit ^ ^^ *ctiim. 

shock. See p. 44. note. 
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ich more than tlicee or four points of the surface, fronj 
separated by a verj' thin film of air, so that i( is real^ 
on of an insulated conductor in the close neighljorlioi 
of an electrified body, and becomes positive^ 
charged by induction, the negative electricin 
being repelled to the outer surface. The dis^ 
is then touched with the finger, or i 
way momentariiy connected to earth (so thai 
the negative electricity escapes), and being 
lifted away from the ebonite by means of 
the insulating handle, is found to have re- 
tained a positive charge powerful enough to 
permit a good-sized spark to be drawn from 
mctaipkM;R,rKiTiDre'banitc it, if another conductor be presented to its 
disc; D, uppBt mciHi plate ai- surface. As the disc was electrified by induc- 

uohedtoH.insalatiiighaDdlc. . , , . . , , , . . 

tion, no part of the original charge of the ebon- 
ite has been taken away, and the latter will be capable of recharging 
the disc an indefinite number of times without requiring to be again 
electrified itself. The simplest way of understanding the action of the 
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dectrophorus is lo bear in mind that when the ebonite has received] 
its negative charge, and the metal plate attached to the glass liandle 
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is placed upon it, both this plate and the one under the ebonite have 
positive charges induced on the surfaces facing the ebonite. There- 
fore, if either plate be connected to earth, and then insulated and 
removed, it will retain a positive charge (see p. 12). The charge thus 
communicated to the electrophorus can be conveyed to any conduct- 
ing body and given up to it by contact, and if the process is repeated 
often enough an insulated conductor may thus become electrified to 
a high degree. In an ordinary electrophorus there is no way of 
giving rise to or increasing the original charge on the ebonite except 
by friction. In the accumulating influence machines, referred to 
•above, however, which are made on the principle of the electrophorus, 
the initial charge is produced in- quite a different way (explained on 
page 21), and is increased by a system of action and reaction, which 
enables influence machines to produce effects far exceeding in magni- 
tude any to be obtained by the same amount of mechanical labor from 
frictional machines. The best known influence machines are the Holz 
and the Wimshurst. The latter is represented in Fig. 4, but its prin- 
ciple cannot be understood until the explanation respecting potential^ 
and difference of potential^ given in the ensuing chapter, has been read 
<p. 21). 



CHAPTER III. 

ELECTRICAL CHARGES — SOURCES OF ELECTRICITY OTHER THAN 

FRICTION. 

•Seat of ** charge" — Biot's experiment — Faraday's experiment with conical bag— ^ 
Proof-plane —Distribution of electricity on the surface of a sphere — On other 
surfaces— Density — Cause of charge — Analogy with dammed-up water— Import- 
ance of insulating medium — Capacity of bodies — Potential — Detection of charges 
— Gold leaf electroscope — Slightness of causes producing charge — Measurement of 
charges — Torsion balance — Coulomb's law — Electrometers — Difference between 
force and quantity — Various sources of electricity — Electricity not made but 
caused to manifest itself by disturbance of equilibrium — Analogy with air. 

HITHERTO nothing has been said as to the seat of the charge in 
an electrified body, though the expressions used may have led 
to the true inference that it resides wholly on the surface. The 
interior of a conductor is never found to be electrified when electricity 
is at rest on it. The outer surface alone is capable of "charge." 

This has been proved in a variety of ways. One experiment known 
-as Biot's* is to electrify an insulated metal ball, over which two 

. ^ It was really first performed by Cavendisfau ^ 




STATIC ELF.CTRTCITY. 

I hemispheres, also made of metal and provided with glass handles, ca( 
be filled. So long as the hemispheres do not touch the ball, it retain! 
its electrified state, but the most momeniary contact suffices to trans- 
fer the whole charge to the outer surface of the hemispheres, the ball 

L being left without a trace of electricity. Another experimeiil, devised^ 

I by Faraday, is to electrify a conical linen bag placed on an insulaliil^| 

I stand, and provided with silk strings by which it can be turned insit^H 
When electrified, the charge is ascertained to be on theoutsid<^B 

' the strings are then pulled, so that what was the inner becomes t^tfl 
irface, and the charge is again found to be on the outsidjfl 

\ showing that the electricity must have passed from one surface to tt|^| 
otiier in order to retain its outside position. H 

A third way of proving the same fact is by means of a little instrljfl 
ment called the proof-plane. This is a very small metal disc or be^H 
fastened to a glass stem, and which when placed in contact with afl 
electrified body receives a small part of the charge. If this disc bfl 
carefully inserted in a hollow metal ball which has been electrifiedfl 
and be made to touch the inner surface, no trace of electricity is coofl 
municated to it, but it becomes charged directly by momentary ctdfl 
tact with the outer surface. S 

A sphere sufficiently far removed from other conductors to be pTatfl 
tically outside the range of their influence, is the only body ovfiS 
whose surface electricity distributes itself with perfect equalit^B 
Bodies of any other shape will have more electricity on some parts cfl 
their surface than on others, and at every point or edge it will coUe^H 
in greater quantities than anywhere else. The quantity of electricity 
per unit of area ((". e. per square centimetre), at any given spot on tnH 
surface of a body, is called the density of electricity at that spot; anfl 
wherever the greatest density is, there also will the greatest effort tJB 
made to escape, and there will the discharge, if there is one, takfl 
place. H 

The fact that charges reside only on the surface of bodies, points ^H 
the conclusion that the real seat of the effects produced is not aCt^B 
all the conductors, as was formerly supposed, but the insulattaS 
medium by which they are surrounded. If all bodies were perfectly 
conducting, there could he no possibility of disturbance in electric^B 
equilibrium, because electricity could pass freely to and from all, thuS 
finding its own equality of distribution, as water finds its own leveM 
A " charge " occurs because at the surface of a conductor the ele^J 
tricity meets with a medium into which it cannot pass, and it as « 
were piles itself up so as to acquire strength to break througljH 
Dammed-up water and an electric charge are much in the same situ^J 
lion. Both are unnaturally confined, hoth will escape from confine^ 
ment if they possibly can; the water either by overflowing or burstiniM 

I its banks, the electricity also by overflow, /. e., leakage, or by discharg^B 
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., by suddenly bursting the imprisoning medium, Faraday was the 
first to point out that the study of ihe insulating mediu 



. limt 

^" "bod 






fact nf far greater importance than that of conductors ; and sinoe his 

time the attention of electricians Itas been much more turned in this 

direction, to the great benefit both of tlieorelical and practical 

w ledge. 

It is evident that ali electric charges cannot be alike ; the same 

"body naay receive either a small or a large charge. Again, different 

bodies have what is called a different capacity for charge, /. e., some are 

capable of accumulating a larger quantity of electricity than others. 

The capacity of a body depends partly mi its siae ; the larger it is, 

e.. the greater extent of surface it possesses, Ilie greater the quantity 

electricity it can receive ; but capacity is also affected by other 

.uses, to be mentioned hereafter. 

The electrical condition of a body cojiiparipd with that of some 
iher body or bodies is call«d its potentiiil, and a charge may he one 
either high or low potential. A small body receiving a certain 
Dunl of electricity may be at a high potential ; a much larger body 
;eLving the same amount of electricity would be at a low potential ; 
he tendency of electricity is always to flow from a body at high 
itential to one at low potential, so as tu equalize its distribution, 
the tendency of water is to flow from a high to a low level for 
jjie same reason. In fact, it is often said that potential is to elec- 
icity what level is to water; and as in measuring elevations the sea 
taken as zero, so in measuring differences of potential, or 
lifferences in electrical level, the surface of the earth, which is never- 
theless ^ways slightly electrified, is arbitrarily taken as zero. An- 
other analogy between level and potential maybe permitted. Fall- 
ing water does work in passing from a higher to a lower level ; 
electricity in passing from a higher to a lower potential does work 
also, and in charging a body the same kind of operation is performed 
pumping up water. Work is expended in order that the capa- 
Jjilityjor work may be produced. 

The potential of a conductor may be varied in one of three ways : 
) by altering its charge (increasing the chaige increases, diminish- 
ing the charge diminishes, the potential) ; (z) by altering its shape 
without altering its charge {because change of shape occasions a 
change of distribution of electricity) : {3) by altering its .position 
<(becau.se the electrical condition of a conductor is always affected by 
Miat of other bodies in its neighborhood, on account of the mutual 
Biductive action which takes place between thfem). The potential of 
pny given body, therefore, depends on its shape, size and position 
brith reference to other bodies. 

I It is now possible to explain what is the cause of the initial charge i 
Hp an accumulating influence machine. It arises from the very,&^^^l 



poiential difference existing between parts of the machine called the 
inductors, which fulfill the same office as the ebonite in the case of the 
electrophorus. This potential difference is increased by the actiuii 
and reaction between the carriers (which correspond to the removable 
metal plates of the electrophorus) and the inductors. The carriers 
have charges induced in .them by the potential difference existing 
between the inductors. They are then made to give up these charges 
to the inductors by contact, with the result that the potential differ- 
ence between the latter is increased, and their consequent inductive 
action on the carriers made stronger, so that they are able lo receive 
and convey more powerful charges. Since this process can be indefi- 
nitely repeated, a very small potential difference rapidly becomes a i 
very large one, and the machine consequently able to produce ex- 
tremely powerful effects. 

In electrical study and practice it is often of great importance to 
determine what the exact potential of a body compared with some 
other body {often the earth) is. In order to fulfill this purpose instru- 
ments called dectrvmeters are used. "~ 



Fig. g.-^Sold Leal 
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The most familiar is the "gold leaf electroscope." ' It consists c 
two strips of gold leaf placed inside a glass jar, and suspended by | 
wire which passes through a glass tube fixed in the cork, stoppin 
, mouth of the jar. This wire terminates in a kuob or else supports ^ 
flat piece of metal. When the gold leaves are unelectrified thej 
hang straight down, touching each other ; but the moment anychargd 
is communicated to them they diverge, being similarly electrified (se 
F'g' S)- This instrument is so sensitive that the smallest charge ii 

' An electroiCKp/ is intentlcd really to detect tlie presence and indicate the kind 6! 
tieclricity, but the gold leaf electroscope, though it can do this, is primarily a 
;r of potential dilferences, and therefore ati electrometer. 
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larted to it is made apparejil. The chips cut from a cedar peociT 1 
and allowed to fail on the metal plate, are seen to be electrified, for I 
as they touch the plate the leaves diverge. A rubbed glass rod ap- I 
preached within two or three feet from the instrument produces a 
marked effect, the gold leaves being then charged by induction, 
the old form of this instrument, however (as depicted in Fig. 5), diffi- 
culties arose from the fact that if the glass shade were made a 
lating as possible the gold leaves would feel the influence of any 
itside neighboring body, and therefore there could be no certainty I 
ith what the one under test was being compared. On the other I 
land, if the insulation of the glass shade was less carefully attended 
to, then the damp or dust collected on its outside would bring the 
r to about the same potential as that of the earth, with which ihere- 
the body under test could be approximately compared ; but thei 
the imperfect insulation rendered it probable that directly the body I 
was connected to the knob of the electroscope, it would be wholly or 
lartially discharged, and therefore no longer of importance to test, 
loth these objections to the gold leaf electroscope have been over- 
iome in the modern form of the instrument, devised by Professors 
lAyrton and Perry, in which the interior of the glass shade is coated 
with strips of tin foil, leaving only enough bare space to allow the 
gold leaves to be visible, and thus screening them from the infl 
jjf outside bodies, while the wire supporting the gold leaves [ 
irough the top of the instrument, without touching it, thus greatly 1 

litating insulation. 
It is curious to think that while the most advanced scientists are 
still unable to pronounce with any certainty what electricity is, they, 
and indeed every practical electrician, can measure this mysterious 
agent with the same unfailing accuracy that a tradesman can weigh 
out a pound of tea. Given any known combination of circumstanceSf . 
and they will foretell precisely the behavior of electricity under those f 
circumstances. There is a regular system of electro-static units,, 
^hich need not be entered into here. They are based like the prac- < 
ical electro-magnetic units, of which a list and explanation will be given 
a subsequent portion of this work, on the centimetre, gramme, and j 
second as the units of length, mass, and time respectively. 

As yet no source of electricity has been mentioned save friction, J 
but there are many others, among the most important of which are 1 
magnetism, chemical action, heat, and the contact of dissimilar sub- 
stances. The two first of these will require special chapters devoted 
to them, and the subject of thermo-electricity also falls more properly j 
under the head of current electricity. 

With regard to the contact of dissimilar substances, Volta was the J 
first to discover that two metals allowed to touch each other becomej 
feebly electrified in 'opposite ways, there being a much greatei 
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difTereDce of potential ' between some than between others, 
when zinc is placed ill contact with lead, it becomes slightly 
relatively to the lead ; in contact with copper it is much more decidedly 
[positive, and in contact with platinum the difference of potential is 
)• considerable indeed. Volta arranged a series of metals (to wliich 
-a few have been added since bis time) in which every metal becomes 
positive if placed in contact with one lower on the list. This list is 
given at the end of the chapter, as it may be found useful for 
reference. 

Two dissimilar liquids in contact also show a difference of potenti; 

I as do a liquid and a metal, and a cold and a hot metal. 
Other sources of electricity will be treated of as occasion requires, 
but it is worth while to notice how entirely we are so far justified in the 
-conclusion that electricity is not made by the exciting cause, what- 
ever that may be, but only obliged to manifest itself by being forceij' 
into an unnatural condition. One evidence of this lies in the fact thi 
neither positive nor negative electricity can be produced alone 
equal amount of the opposite kind is invariably forthcoming also. 
Another proof of the same thing is the possibility of charge by induc- 
tion, in which the electrified state can be produced by mere influence, 
without any alteration in the quantity of electricity present, Thes 
considerations compel us to the belief that, whatever electricity 
"be, it is universally present, though we are often unconscious of thl 
fact. Nor is this in reality a strange circumstance. It is probabl 
that if the air were always in a state of perfect calm we should nev< 
4tnow that such a thing as air existed,' We are rendered 
it by disturbances in its equilibrium, which cause the va 
, "The same observation seems to apply to electricity. Some cause dij 

turbs its equilibrium, and we then have too much of it in one plai 
.and too little in another, and the effort to restore equilibrium mak< 
, us conscious that electricity exists ; but when it is only present in iti 
natural state, i. e., in one of perfect equilibrium, we do not know it 
there. 
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'For convenience' sake a positivcl)- electrified body is usually said to 
L potential and a negatively electrified body at low potential ; but this is not r 
:, for there can be a high negative potential as well as a high positive 01 
" Modern Views of Electricity," by Dr. Oliver Lodge, F. R. S. 






CHAPTER IV. 

THE LEVDEN JAR. 

poilance of Leyden jar — Description— Electrical forces act across dielectrics — 
Capacity of conductors increased by proximity of opposite charge — And by earth 
—Definition of condenser — Discovery of Leyden jar by Cunetts — 
Method of charging and discharging — Residual charge — Important pari played 
by dielectric — Real seat of charge— Bursting of jars — Battery of jars — Oscillatory 
nature of Leyden jar discharge— Further analysis of discharge— Sparking distance 
— Cause of its increase — Analogy with recoil — Cause of damping out and slacken- 
ions — Experiments by Dr. Oliver Lodge — Discharge of jar through 
'drcuit — Wheatstone's experiment — Velocity of discharge — Mechanical effects — 
■Lichtcnbnrg's figures— Man nclic effects of discharge— Physiological effects— 
Chemical effects. 

THIS name is familiar to all, not excepting those "born in pre- 
scieiitific days;" for even then there were occasional quasi- 
scientific lectures given at schools and at country towns, at which the 
Leyden jar, thanks to its " shock "-giving capabilities, often played a 
'prominent part, though it is doubtful whether the audience, or even in 
many cases the "lecturer" himself, understood the principle of itsaction. 
To electrical students of the present day this simple and, as some 
might suppose, antiquated apparatus is fullof interest, for it involves 
facts as important and as wide-reaching as any of the more famous 
iractical appliances of modern days ; and only so recently as March, 
B89, Dr. Oliver Lodge, in a discourse delivered at the Royal Institu- 
tion, exhibited by means of the Leyden jar an entirely novel series of 
•experiments illustrating some of the latest discoveries in electrical 
science. 

The ordinary Leyden jar is a common glass jar, coated inside and 

itside to about four-fifths of its height with tin foil, and provided 

'ith a lid of dry, well-varnished wood, through which passes a thick 

wire, terminating on the outside in a metal knob, and communi- 

•cating inside with the tin-foil, lining the inner surface of the jar. 

There are therefore two conductors, the two tin-foil coatings in pres- 

:nce of each other, separated by an hisulating substance, i, e., the 

iss jar. In Chapter I. it has been stated what happens when two 

inductors, one of which is electrified, are in dose neighborhood and 

'^divided by the air. An induced charge in the originally unelectrifipd 

i:onductor is the result. If, instead of air, a sheet of glass were placed 

between the conductors, the induction wnuld occur just the same ; for 

glass and all insulating substances allow the electric forces to act 

across theoi, for which reason the name (//(■/(■^('/■/cJ is ^iyeo to tb«m. 

Though, however, all insulators are dieUnCtricfl, 
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dielectric. Dry air is a more powerful insulator than glass, but it iis 
not so good a dielectric, i. c, the inductive force does not act so freely 
across it. This Is fortunate, as if air were as good a dielectric as 
glass our thunderstorms would be more violent and frequent. Sub- 
Stances which serve well as dielectrics are said to possess a high. 
indudk'C capacity. 

It has already heen stated that charges of opposite nature in pres- 
ence of each other are bound. They cannot avail themselves of the 
road of escape to the earth, even if open, because of the attractioRj 
each feels for the other. It follows from this, and has been proved by 
experiment, that the capacity of a conductor is increased by having 
near it another conductor oppositely charged. The two charges act 
on each other so strougly, they are (if the expression may be permitted)i 
so occupied with each other, that they produce hardly any effect on. 
surrounding objects, and are barely influenced by them. A conductor- 
thus situated appears to be at a very much lower potential than it 
would if it were removed from the neighborhood of the oppositely 
charged body. If it is desired to raise the potential of a conductor- 
when in presence of one oppositely charged to the same degree as. 
when not so, a very much larger quantity of electricity will be re-- 
quired, which is saying in other words that the capacity of the con-- 
ductor has enormously increased. 

There is another circumstance which increases capacity. This is if 
the charged conductor be in presence of one not only oppositely 
charged, but connected to earth; for, supposing the latter to have an. 
induced negative charge, it will if connected to earth lose some of its. 
positive electricity, the negative charge becoming in consequence: 
much stronger, and attracting yet more positive electricity into the 
conductor whose charge is of this sign. Consequently, a conductor- 
close to one oppositely charged, which has an earth connection, is. 
capable of accumulating very large quantities of electricity, and aiu 
apparatus made on this principle and for this object is called an> 
accumulator or more often a condenser. Having said thus much, we- 
may return to the Leyden jar, which was the earliest known and i& 
one of the best of all condensers. 

Its name is derived from the place where it was first Invented or, tt>. 
speak more correctly, discovered, which happened by pure accident.. 
In the year 1746 Cuneus, a scientist of Leyden, wished to electrify 
some water. With this object he placed the liquid in a wide-mouthed, 
glass vessel, which he held in his hand, allowing a nietai chain from 
the conductor of an electrical machine to dip into the water. After 
some time, thinking the latter must be sufficiently electrified, he took 
hold of the chain to lift it out of the vessel, when, to his intense sur- 
prise, he experienced a severe shock, which so terrified him that he let 
fall the vessel, and wrote a few days afterward to Reaumur that h^^ 
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sensation 
"ranee. What had really happened in the case of Cuneus and his 
s vessel, was that he had unwiltiugly turned it into a condenser, 
water serving as one conductor, his own hand as the other, and 
the glass, of course, as the dielectric. When, therefore, he connected' 
the two conductors, by taking hold of the metal chain with his other 
hand, a discharge immediately took place through his body, occasion- 
ing the shock which so alarmed him, and which may be felt by any 
person who uses his hand to discharge a l.eyden jar. 

The ordinary method of charging is as follows : The jar is takerv 
?n the hand and its knob placed against the prime conductor of an 
electrical machine positively charged. Through the metal knob and 
wire positive electricity passes to the inner coating of the jar, and 
induces negative electricity on the outer coating, driving away the- 
positive electricity of the latter to earth through the hand and body 
of the experimenter." A stronger negative charge is the consequence, 
and its increased power of attraction draws more positive electricity 
into the inner coating, and the former process is repeated. The 
charging may be continued till the jar is electrified to the highest 
Ltnonnt of which it iscapable without bursting the glass, a contingency 
lich always has to be guarded against. When charged, large sparks, 
may be drawn from the jar by presenting the knuckle- 
or one of the ends of a "discharging rod" to the knob. 
— a discharging rod being simply a metal rod provided 
with glass handles, and jointed in the middle to allow 
of the two ends (which are knobbed) approaching each, 
other. After the spark has been drawn the jar is. 
found to be discharged, or, rather, apparently so ; for if 
it be left some little time, and the discharging rod be- 
then presented to it, a small spark may be drawn from 
it, showing that the jar could not have been entirely 
discharged by the first large spark. This second spark,, 
which can never be obtained immediately, is due to what 
is called the " residual charge." Its return may be hast- 
ened by tapping the jar, which seems to show that its, 
cause must lie in the molecules of glass not being able 
to return immediately to their natural condition after 
the strain put upon them, and its amount depends to 
some extent on the length of time the jar has been left 
charged, but also on the kind of glass of which it is, 
ide. In an air-condenser (a condenser formed by two conducting 
faces separated by air) there is no residual charge. This shows. 

' An insulaled Leydcn jar will not charge, because thepotenlial of tlw' 
s equally, unless, of course, the coatings are connected, wiien they 
inK condiiclur wllh cleclrkily of the same sijrn. 
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at once ihat a very important part is played by the dielectric ; 
a still more striking proof of the same thing is given by the fact ttu 
the real seat of the opposite charges in a Leyden jar is not the tin fi 

xoatings, hut the inner and outer surfaces of the jar itself, as \ 
been proved by means of a jar with removable coatings (Fig. 6). 
after charging, tlie latter are taken away, ihey are found not to \ 
■electrified; on being replaced their charges at t 
seems to explain the reason of a charge being always apparently 
the surface of a conductor ; in reality its seat is on that surface ( 
the dielectric which touches the conducting surface, and not on tin 
latter. It is the effort of the electricity to enter the dielectric media 
which causes the "charge," viz., an accumulation of electricity uuablB 
to disperse itself. The Leyden jar is in truth a type of all " charge! 
and "discharge" phenomena, and in particular its conditions, as H 
shall hereafter see, are precisely tho.se obtaining between two thunder- 
clouds, or between a thundercloud and the earth. It is this typical 
character which invests it with so great an interest. A third fact 
concerning it, which has already been mentioned, that if too highly 
charged it bursts, i.e., a hole is pierced in the glass dividing the inner 
and outer coatings, points to the true explanation of what happens to 
a dielectric placed between two charged conductors. It is thrown into 
a state of strain, which if loo great causes it to break. In the case of 
air such a rent is self-mending ; with glass, of course, it remains, and 
a Leyden jar thus pierced is rendered useless. An instructive and 
significant fact is that a vacuum acts as a dielectric, clearly showiug 
that the strain can exist without the presence of ordinary matter. 
The conclusion is therefore justified that it must primarily take 
place in the ether," and be by it communicated to air, glass and other 
■dielectrics. 

If a Leyden jar be made sufficiently large, it is evident that it might 
accumulate an enormous quantity of electricity ; but as very large jars 
are found inconvenient in practice, it is more usual to connect them 
together in such a way that they can, if desired, be all discharged at 
the same moment. Such an arrangement is called a ■' battery " of jars, 
and, if the latter be of high capacity, is a very powerful source of 
electricity. 

The spark from a Leyden jar is of inliniteaimal duration, lasting 
only a small fraction of a second, and it w'as formerly supposed to be 
due to a single discharge. Such is, however, by no means always the 
case, When the spark is examined by means of a very rapidly rotat- 

' The name Eiven to an imponderable, tenuous, and highly elastic medium which 
pervades all Epai'e and interpenetrated all matter, and through which heat, light, and 
electrical energy are propagated by means of radiation. According to ihe latest 
scientific Iheones. all electrical phenomena are caused primarily by strains and stresses 
in the ether. Further reference will be nude to this subject in the concluding chapter 
of the present work. 
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ing mirror, it is often seen to be serrated, proving that the discharge 
which causes it is not a solitary rush, but a number of surgings back-, 
ward and forward, that the discharge is in fact oscillatory j and the. 
rapidity of these oscillations is such, that some hundreds of thousands, 
take place during the minute fraction of time which limits the duratioa 
of the spark. This fact throws light upon one which would otherwise: 
be inexplicable, viz., that a Leyden jar is most inclined to burst, not>, 
as would be naturally supposed, before, but at the moment of dis- 
charge — no doubt because the glass, though able to bear the continued- 
strain in one direction (which is the condition of things in a " charge ")> 
gives way when that direction is reversed and re-reversed with such 
inconceivable rapidity, its force of recovery (or elasticity) not being 
equal to the demand made upon it. 

The fact of the discharge of a Leyden jar being oscillatory does 
not at first sight appear to be of any great importance, but when we 
recollect that all charge and discharge are like those of a Leyden jar 
we begin to understand that such a discovery as this is. ofi the highest 
moment, and must be intimately connected with any true theory of 
the nature of electricity. 

It is not necessary for the discharge of a Leyden jar to take placej 
by means only of the discharging rod ; there are many other ways: in. 
which it can be effected, some of them very interesting and instruct- 
ive ; but there is one way in which neither it nor any condenser 
arranged in the ordinary way with one coating connected to the earthi 
will discharge, and that is by means of a cpntinuous flow of elec- 
tricity to the earth or to another conducting body.' If a wire is fast*^ 
ened to a single charged conductor, and then connected to earth or 
to another conductor, a flow of electricity begins and continues till 
the two bodies are at the same potential ; just as water contained ia 
two vessels connected together, one of which is fuller than the other,, 
will flow from the fuller to the more empty vessel till the water in 
both is at the same level. But, as we know, a Leyden jar is not a 
single charged conductor; it consists of two conducting surfaces sepa- 
rated by a dielectric, and it has two charges, not one charge, which, 
being thus in presence of each other, are bound and will not flow 
away to the earth. When the discharge takes place, therefore, it is 
on account of the strain to which the dielectric separating the two 
electricities is subjected, breaking it down • so, that either a hole is 
pierced in the glass, or a rent made in the air between the knob of 
the jar and the discharging rod. It is in this kind of discharge that 
a spark passes, and the distance it can overleap is called the sparking 
distance. This increases with the difference of potential. A much 

' It is to be observed, however, that if a discharging rod were applied with great 
suddenness to a charged condenser of considerable size, much of the discharge would, 
then take place in the form of a flow between the two coatings. 
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■larger spark can be drawn from a Leyden jar when highly chargj 
so that the coatings reiatively to each other arc .very positive aill 
very negative, than when feebly charged. It is, in fact, difference of 
.potential which produces the spark at all, and consequently the 
greater that difference is the greater the sparking power will be. The 
well-known mechanical phenomenon of recoil helps to explain tU^H 
The rebound of a spring which has been stretched to its utmost ^H 
tent is very much greater than when it has been only slight9| 
stretched ; and this analogy may help us also to a clearer idea of tljH 
oscillatory nature of discharge. The spring, when let go, flies befl 
yond its natural position and Chen back again, overshooting themarifl 
OH the other side, so that before it settles down a series of oscill^H 
■lions takes place. A plucked violin string gives an example of t^H 
same thing; and it is what frequently happens in the case of t^H 
Leyden jar. Its discharge is then a series of partial discharge^! 
'caused by the electricity overshooting the mark and swinging baql^l 
■again, just as the spring or the violin string overshoots the mark an^l 
swings back again. The inner coating of the jar at the instant th^l 
■discharge begins is positive ; it then becomes momentarily negative, t^| 
return again to positive, and then back to negative, the char^^| 
becoming feebler with each vibration till it is entirely dissipated, ju^H 
as the oscillations of the spring become smaller and smaller in ran^H 
till they cease altogether and it is at rest. Clearly the greater tB^| 
resistance the spring has to encounter in making these movemenU^| 
the fewer they will be and the sooner they will cease ; and we >Qa^H 
illustrate the same fact by a pendulum. In air it will oscillate for ^H 
-considerable time. In treacle it will not oscillate ut all, but simp^H 
return to its position of equilibrium with a slow, sliding motion. Tq^| 
same thing is trOe of a I.eyden jar discharge. The electricity nu^H 
encounter very little resistance on its road, or it may encounter ^H 
good deal. In the former case the oscillations will be many aiuH 
rapid ; in the latter, few and slow ; and It is even possible, as in tlt<^| 
case of the pendulum in treacle, to put a stop to them altogetheaB 
The same effect as that of resistance may be produced by weightinj^B 
a spring. A heavy violin string vibrates much more slowly than ^H 
Jightone; and something analogous to the adding of weight, bit^B 
which cannot here be explained, may be done in the case of eleciricily.^B 
Acting on this principle, Dr. Oliver Lodge was able to show somcS 
very remarkable experiments at the Royal Institution in March, >88^fl 
He brought down the number of vibrations in a Leyden jar dischargi^B 
from their usual frequency of about 1,000,000 a second to 500 a sec^f 
■ond, with the result that the sudden sharp crack of the spark wa^| 
changed into a distinct musical note, and the line of light was se^^| 
' It is accomplished by increasing what some electricians call tlie " self-IiiductioQ.'^H 
«nd others the "eleftro-magnetic inertia" of the circuit. See p. 78, ^H 
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%y the audience to be quite coarsely serrated by means of a mirror 
revolving only four times a second/ 

It has already been said that a Leyden jar can be discharged in 
various ways ; for instance, instead of a discharging rod being used, 
and one end made to touch the outer coating, while the other is 
•approached close to the knob connected with the inner coating, wires 
may be fastened to each of the coatings and made to pass round a 
♦considerable space, or coiled many times on themselves, before their 
Tespective free ends are brought near together. When this is done, 
however, a spark passes between the two, just aS it does between the 
•discharging rod and the knob of the jar. Such an arrangement is 
-called a circuity and several intervals may be left in it, all of which 
the spark will overleap, provided their united length does not exceed 
that which it coald pass at one jump. 

Apparently the discharge takes place as instantaneously when the 
•electricity has to travel through many yards of wire before arriving 
^t ** sparking distance " as when the discharging rod is used. This is 
not really the case, however ; and by a celebrated experiment (which, 
broadly described, consisted in connecting each of the coatings of a 
Leyden jar with a considerable length of wire, and arranging three 
small intervals side by side across which sparks had to pass)' Sir 
Charles Wheatstone determined the velocity of transmission through 
copper wire to be at the rate of 463,133 kilometres or 288,000 miles a 
second. Other experimenters have, however, obtained different and 
very much slower rates, and in any case it must not be supposed that 
this experiment really proved anything at all about the " velocity of 
electricity." It simply showed that through a conductor of given 
resistance and capacity a certain electric effect took a definite though 
infinitesimal time to travel, which would not be the same through a 
conductor differing in either or both of these respects. 

The heating and luminous effects of discharge have been already 
mentioned. Its mechanical effects are of equal importance and inter- 
est. The electric whirl is one of these. Another is the perforating 
of paper or cardboard by passing the electric spark through them ; 
and a remarkable fact is that the edges of the paper round the hole 

* For a detailed report of the above experiments and the discourse which they illus- 
trated, see The Electrician for March 15, 1889. 

* The test was as follows : The central interval was that which the spark had to 
pass after the two electricities had made the journey through their respective wires ; 
the side intervals they encountered almost immediately. If the transmission had been 
instantaneous, the sparks examined in the rotating mirror would have presented three 

parallel lines. Instead of this their appearance was thus " when the 

mirror turned from right to left, and thus '. when it turned from left to 

right, showing that the central spark began after its companions, and also proving the 
double flow, since one side interval was in the wire coming from the negative, and the 
other in that from the positive coating. 
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will be found turned up on belh sides instead of only on one, a 
ordinary perforation by burning. Formerly this was supposed t 
a proof of the double current ; it is now, however, rather considered 
to be a consequence of the mechanical effects of the current spread- 
ing equally in all directions. Lichienburg's dust figures also shoi 
the mechanical power of electricity. They are made by meansJ 
two powders {often vermilion and sulphur) being shaken togethei 
a muslin bag and then sifted on to a cake of resin. The frictif 
causes the powder particles to become electrified, the vermilion p 
lively and the sulphur negatively, consequently the negative parts S 
the resin attract the vermilion and the positive the sulphu 
the two powders arrange themselves in distinct and quite dtfferd 
shapes.' 

Of other effects of discharge, that on the magnetic needle must! 
mentioned. It is deflected from its true position when close to E 
place of discharge; and during violent thunderstorms ships" compi 
have often been rendered quite useless, owing Id the influence of t 
lightning on them. A steel needle may be made into a pennan«| 
magnet by being placed within a wire spiral through which i 
charge is passed. Discharge also produces considerable physiologid 
disturbances, which are most strikingly illustrated by lightning, an 
will therefore again be referred to under the head of almosphei 
electricity; but powerful electrical machines and Leyden jar batterm 
can produce effects quite as marked, and sometimes fatal where propi 
precaution is neglected. Even a single ordinary jar may give a v 
unpleasant shock, as Cuneus and many others have proved. 
" return shock " experienced by persons standing at a little distanf 
from an electrical machine which is being discharged, or from s 
object "struck " by lightning, is due to Induction. The effect of I 
charged conductor (whether a cloud or the prim 
machine) is to induce a charge of opposite kind in all neighborid 
objects. When it discharges, they follow its example, their 
being no longer bound, and the consequence to a living body ia9 

Lastly, a discharge passed through chemical compounds catu 
their decomposition, and its effect on the air, as we have alrea 
;n, is the production of ozone. 

' Another way of making these figures is by tracing a patlem on the reain with Ij 
tnob of a charged Leyden jar and then sifting the powder O' 
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CHAPTER V. 

ATMOSPHERIC ELECTRICITY. 

Identity of lightning and electricity — Franklin's kite experiment — Its repetition by 
Romas — Danger of these experiments — Death of Richman — Existence of atma-> 
spheric electricity independently of thunderstorms — Results of modern observa> 
tions — Daily variations — Annual variations — Electrified clouds — Signs of atmo- 
spheric electricity in dry, cold weather — Ozone — Its importance to health — Not 
found in contaminated air — Same true of positive electricity — Ozone an active 
chemical agent — The Aurora Borealis — Frequent appearance in high latitudes — 
Description — Resemblance to discharge through rarified gases — Probable origin^ 
Effect on the magnetic needle — Improbability of its being attended by sound. 

MANY early observers noticed the resemblance between the flasb 
and crack of the electric spark and those tremendous natural 
manifestations, lightning and thunder. It was reserved for the great 
American philosopher, Benjamin Franklin, however, to establish their 
identity by actual experiment. Having observed that lightning usually 
strikes the most elevated objects, he resolved to erect a sort of sentry- 
box on some high tower, fronv which a pointed and insulated rod could 
be raised, and thus enable him to make his observations. Before this 
could be accomplished, his fertile brain suggested another expedient 
to which resort could be had the first time a thundercloud approached, 
and which therefore he determined to adopt. This was to use ?. com- 
mon kite, suitably prepared. He made one of silk, fastened an iron 
point to it, and furnished it with a string, the upper part of which was 
of ordinary twine, but the lower part of silk. At the junction of the 
two he attached a key. At the first .sign of a thunder.storm he went 
out into the country, accompanied by his son, and let fly the kite. At 
first, to Franklin's intense disappointment, no signs of electricity were 
obtained, but in a short time he noticed the loose fibres of the string^ 
begin to bristle, and holding his knuckle to the key, a bright spark 
passed between the two. Rain then fell, the string became wet, and 
its conducting powers consequently much better ; and in a short time 
numerous large sparks were drawn from the key, proving beyond a 
doubt that Franklin's surmises were correct, and lightning and the 
electric spark identical. This celebrated experiment was made at 
Philadelphia in 1752. 

J" ^753 ^^ ^as repeated on a very grand scale by the Frenchman 
Romas, and in presence of several spectators, Romas himself receiving 
a very severe shock, which warned him to use a discharging nA 
instead of his knuckles to draw the sparks, the latter being so power- 
ful that they appeared like flashes of ^\x^ a foot long, and were accom- 
panied by a noise audible at 500 feet distance. At the commencement 
of this experiment no rain wa» falling ; when it began to do so a^e? 
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of electricity was perceptilile, and Romas dared not di| 
sparks even by means of the discharging rod. Both he and the U 
slanders experienced the peculiar sensation, "as though a spider's 
web had been upon the face," whicli is sometimes felt near an elec- 
trical machine, and the explosions and flashes of fire were attended by 
the strong and characteristic smell accompanying a violent lightning 
discharge and the working of electrical machines. This odor was 
described iiy nearly all early observers as " sulphurous," but in reality- 
it more resembles that of phosphorus, and is now known to be due 
to the protluction of ozone. 

It is evident that experiments of this description, unless conducted 
with the very greatest care, are in the highest degree dangerous, and 
before long a fatal accident checked the growing ardor of the scientific 
world for making them. On the ifilh of August, 1753, Professor Rich- 
man, of St. Petersburg, while conducting experiments during a thunder- 
storm on an insulated iron rod, projecting from the roof of his house 
and carried down into the room where he worked, was killed by a 
sudden flash of electric lire which darted from the rod with a loud re- 
port. So terrible a warning was not unheeded, and experiments on 
lightning became very rare ; in fact, it may be said that since this 
period hardly any have been undertaken, though many facts and ob- 
servations have been collected, and the rapid growth of electrical 
science has enabled practical men to grapple, to a very great extent 
successfully, with the problem of protection from injuries to life and 
property due to lightning. 

Before entering upon the subject of thunderstorms, which are oc- 
casioned by an abnormal electrical condition of the atmosphere, it 
will be well to glance at what that condition is when no storms are in 
progress. 

The discovery that ekctricity exists in the atmosphere quite inde- 
pendently of thunderstorms was an almost immediate consequence of 
Franklin's famous experiment with the kite. The Abb6 Ma^eas dis- 
covered in 1753 that signs of atmospheric electricity could be obtained 
in fine dry weather at all hours between sunrise and sunset ; and 
Franklin himself attached a pointed iron rod to his house, which could 
be insulated when he chose, and to which he connected a system of 
the electric chimes previously de.scribed. Whenever the conductor 
was affected by the neighborhood of some charged cloud, the chimes 
began to ring, and Franklin's attention was drawn to the fact that a 
favorable time for his observations had arrived. His apparatus did 
not enable him to ascertain more than that ordinary clouds were some- 
times positive and sometimes negative, more often the latter : and no 
very great advance was made in the knowledge of atmospheric elec- 
tricity til! the electroscopes and electrometers of modern days were 
apphed to this purpose. And even now but little has been positively 
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ascertained on this subject. From observations made at various 
times in different places, and compared and verified by eminent men 
of science, the following facts have, however, been elicited. The 
potential of the air increases with increase of distance from the surface 
of the earth, which might be caused by the latter possessing a nega- 
tive charge, but it is not known whether this is really the case. In 
fine, calm weather, the atmosphere is positive ; * in cloudy, rainy and 
windy weather it is very often negative, but will sometimes change 
rapidly from one sign to the other. Clouds are always electrified, and 
often to a very high potential. Usually they are positive, but there 
are many exceptions. The electrical condition of the air is subject to 
daily and annual variations. Every twenty-four hours there is a de- 
crease of electricity, beginning an hour or two after midnight and 
continuing till shortly before sunrise, when an increase commences 
and goes pn until some hours after sunrise, when the first maximum is 
attained. The electrical condition of the air then remains stationary 
for a short time, after which anot.her decrease sets in until some hours 
after noon, when a minimum is reached. Another short pause ensues, 
and then a second increase takes place, attaining its maximum some 
hours after sunset. Then occurs the second decrease, reaching its 
minimum about midnight. Many local causes, however, may modify 
the ordinary electrical condition of the air and its daily variations. 
Fogs are highly electric, and their presence always considerably raises 
the potential of the atmosphere. Snow-storms accompanied by high 
wind are sure to produce very strong indications of electricity, and 
this fact favors the idea that one important source of atmospheric 
electricity may be the friction against each other and the earth of solid 
and liquid particles, brought about by the wind. 

The annual variations of atmospheric electricity consist in a grad- 
ual increase beginning from May or June and attaining a maximum 
in one of the winter months, varying with the locality in which the 
obseiwations are made, and a gradual decrease commencing from the 
time of maximum and continuing until a minimum is reached in the 
early summer. It is, therefore, during the winter months that the air 
is most highly electrified, a circumstance which may perhaps surprise 
those who are accustomed to think of thunderstorms as the only 
signs of atmospheric electricity, for these in our climate are far more 
common in summer than in winter. It is not, however, a uniformly 
high potential which occasions storms, but great differences of poten- 
tial, and these occur in England more frequently in summer than in 
winter, owing to the larger amount of evaporation which is going on. 

* The lower strata of the atmosphere are non-conducting when dry. It is at some 
distance above the surface of the earth that indications of positive electricity are ob- 
tained. According to some recent observations, earthquakes appear to occasion a 
negative electrification of the air. 
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I Vapor in considerable quantities rises from the earth antl sea, draiv 

rup by the heat of the sun, and on reaching the higher and coolej 

llayersof air, condenses. Now, evaporation has been proved by ( 

Pperiment to be always attended by a development of electricity ; an 

the vapor particles are therefore all in an electrified condition. Whelj| 

they condense into a drop, their united electricity spreads itself (a« 

cording to the laws of electrical equilibrium) over the surface of thq 

drop, which, however small it may be, is far more highly electrified 

than any one of the vapor particles which have gone to form it. 

These minute drops again coalesce into larger ones, with the result 

a still further raising of potential, and a cloud which is formed o£— 

incalculable number of such electrified drops attains a very higU 

I potential indeed, and becomes capable of exerting a strong induciiv<J 

1 influence on neighboring clouds and on the earth, and thus of givin J 

I rise to thunderstorms. Though atmospheric electricity is not indtfl 

cated in this way during winter, or at any rate but rarely, it givefl 

other less obtrusive signs of its presence. It is in the winter monthH 

I that single well-isolated objects become most easily electrified ; everjfl 

'. knows that the peculiar crackling of the hair when ciimbe^ 

urs almost invariably in dry frosty weatiier, and articles of clothfl 

I ing will also then frequently show signs of electrification. Rubbing 

I the hand briskly against flannel or any woolen material, occasions a 

crackling noise accompanied, in the dark, by sparks ; and brushinM 

woolen garments will often cause them to become more dusty than 

before, owing to the friction electrifying them and making thedfl 

attract small floating particles of matter. In New York, where ver]9 

dry and intense cold is experienced in winter, these electrical e^ecbfl 

I are very marked ; the dryness of the air in dwelling houses betn J 

I increased by the method of warming, and the insulation of differeijB 

objects by the thick woolen carpets used. It is stated that "if onH 

move upon such a carpet with a sliding or scraping motion, and thefl 

present the knuckle to a metallic conductor, such as the handle ofl 

the door, an electric spark accompanied by a crackling noise will bfl 

perceived. If one goes in this way once or twice quickly along thd 

carpet, the spark may be three-quarters of an inch long, very brillianfl 

and accompanied by a tolerably loud noise.'" In order to observ^ 

\ these phenomena well, the carpet should be entirely of wool anfl 

■ thick. The authority above quoted gives an amusing account of d 

visit to a lady in New York in a house where the conditions werJ 

particularly favorable. She drew brilliant sparks from the gas chanS 

delier ; a visitor advancing to shake hands with her, would receive s 

perceptible shock, and a spark would pass between herself and a ladn 

friend bending to salute her. ■ 

The dry cold weather which is best adapted to the manifestation 

_ ' " The Thunderstorm," p. aSg. J 
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of these and kindred phenomena is considered particularly favorable 
to health, most persons then experiencing a feeling of much greater 
physical briskness and activity ; and it does not seem improbable that 
this may be partly owing to the more highly electrified state of the 
•air. In any case, electricity must certainly be considered an import- 
ant salubrious agent, for to it we apparently owe the existence of 
ozone, on the necessity of which modern sanitarians insist so strongly. 
As has already been stated, ozone is a modified and much more active 
form of oxygen. Its presence in large quantities (as during the 
working of an electrical machine) is made known by a strong and 
peculiar odor, but in thoroughly good and pure air there is always a 
small amount of ozone, and its absence is a sign that the atmosphere 
is in some way c6ntaminated. It is not found in crowded rooms, in 
the confined courts of large cities, or in any place infected by the 
breath of men or animals. In the open squares of towns, on bridges 
and quays, and, in fact, wherever the air is easily renovated, and con- 
sequently pure, indications of ozone are readily obtained ; and it is 
worth while to observe that the same remarks apply to positive elec- 
tricity, no traces of which are discoverable in close and confined 
quarters, or in crowded streets and dwellings. Beside its health- 
giving properties, ozone is an active chemical agent ; it is a very 
rapid oxidizer, and possesses strong bleaching powers ; and organic 
substances exposed to its influence are corroded. 

The last and most remarkable electrical phenomenon which will be 
mentioned in this chapter is the Aurora Borealis. All travelers in 
the far north are well acquainted with its changeful and exquisite 
light, so vivid as to clothe with glory the winter darkness of the Arc- 
tic regions ; but even in England the Aurora is often visible, though 
far less brilliant than in higher latitudes. On one occasion, in early 
winter, the writer witnessed an exceptional display of its beauty. 
The whole northern horizon was covered with a deep rosy glow from 
which pale streamers extended far up into the heavens. Even this, 
however, was but a faint representation of the " Northern lights " as 
they are known to the inhabitants of the Polar regions, where they 
are described as often equal to the full moon in brilliancy, appearing 
in the most exquisite arches, continually melting one into the other 
to reappear in new and more beautiful forms, and varying in color 
from a silvery whiteness to deep shades of orange and rose color. 
The motion of the auroral streamers which start from the arches or 
glow is often exceedingly quick, and has gained for them among the 
inhabitants of the Shetland Isles the name of "The Merry Dancers." 
They change rapidly in form, die away in one place to break out in 
another, and are generally animated by a strong tremulous motion 
from end to end. This tremulous motion is like the flickering of t*^* 
light caused by passing an electric spark through an exh 
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and, in fact, the two phecorocxa rescmLie each other aLmost as closely^ 
as do the electric spiark and a daso of '.ighincns:. k :<> therefore 
nataral to refer their existence to a similar on;7i:n. ar.«i ^Ete Aorora 
Boreal (s is consirlered to be d^se to et^xtric discharges- taking place in 
hij^h and therefore Tety rarened strata of the atmosphere. The act- 
ual proof that its origin is eiectric lies, however, in the fact that the 
presence of the Aurora invariabiy affects the magnetic needle, making it 
deviate from its tnje position, and that often to a considerable, extent, 
and over ver\' large areas of the giobe. The Aurora dt^es not always 
appear in the due North, but frequently toward ir.e East or West, and 
sometimes at both points simuitaneoosly ; neither is it always arched, 
bat appears occasionally in stripes, or in *• undefined luminous clouds." 
Its position in the heavens is thought to afifect the weather ; thus 
after an Eastern Aurora, dry cold is expected, whereas one in the West 
is supposed to cause storms and snow, and Auroras in both quarters 
simultaneously, unsettled wcrather.' 

Early tra%'eiers frequently said that a i>eculiar " hissing, crackiin^^ 
and rushing rioi-»e " accompanied very briUiant displays of the Aurora, 
but no such .v^und has ever been heard bv any scientincallv trained 
observer, or, ludttd, by any fA/str\tr at all in modern times : and the 
fact of the Aurora taking place in very rarefied air, renders its being 
accompanied by s^^und highly improbable. The appearance of these 
heavenly fires, which is frequently such as to give the impression of 
their being carried along by an impetuous wind, irresistibly suggests 
the idea of a *' rushing " sound as their fit accompaniment, and this 
may easily have given rise to the belief that it had been actually 
heard.* 

The Aurora is seen in the South Polar regions as well as in the 
North, and is then called the ** Aurora Australis ; " but these Southern 
lights, though still very beautiful, are not so striking and brilliant as 
the Northern. 

' ** The Thunderstorm," p. 299. 

* M. Gaston Plants nevertheless credits the reality of this sound, and attributes it, 
as he docs that which accompanies globular lightning, to the sudden vaporization of 
liquid particles by the passage of the electric discharge '^'* Phenomenes electriqucs. 
de rAtmospb^e/' p. 146). 
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CHAPTER Vi. 

ATMOSPHERIC ELECTRICITY CONTINUED— THUNDERSTORMS^ 

Analogy between Leyden jar and conditions giving rise to thunderstivrn>» — K«A»Ckn (4* 
repeated discharge in the latter — Short duration of lightning—BriUijinc)'— Cuiur 
of lightning flashes — Shape — Forked lightning — Cause of ruiuitK>iitKM\*-^|\]k)i)ii« 
bility of the light of one flash producing another — lUfurcation — Sh«?t?l U^htnin^- - 
Thunder — Globular lightning — Planters experiments — His a^ncluslons frt>m ihviu 
— Chemical effects of lightning — Heating eff'ects — Fulgurites — FxploHivt» efft>ct>*-" 
Probable cause — Examples — Length of lightning flashes — Altitude of thunders- 
clouds — Magnetic effects of lightning. 

IT was stated in Chapter IV. that the conditions giving ri»e to thun- 
derstorms are the same as those of a charged Leyden jar. Wo 
may go a little further than this, however, and say that possibly the 
inhabitants of the earth live in a huge Leyden jar, which ix usually 
but slightly charged, but may at almost any moment become elec- 
trified to a very high degree. The earth's surface, wiiich there \% 
reason to believe may be always faintly negative, would form one 
coating of this jar, the clouds and upper strata of the atmosphere the 
Other, and the air between would be the dielectric. Now, if owing lo 
rapid evaporation and condensation, or to other of the various cuuhch 
which generate and increase atmospheric electricity, clouds form 
whose potential is very high, they act inductively on ihe surface of 
the earth and all objects which rise from it, and these become strongly 
charged in the opposite way, the air between the clouds and the earth 
being thrown into a state of strain exactly similar to that of the ^^lass 
in a Leyden jar. By and by this strain becomes so great that the air 
gives way under it, a rent is made, a dazzling (lash of lightning ih 
seen, a loud roll of thunder heard, and a beginning of discharge ii^ 
made ; but a beginning only, for, as we well know by <:xj>erierK;« 
thunder-clouds do not discharge themselves at once like Leyden jar*) ; 
the lightning and thunder will often continue for hours with but little 
interval between the flashes, and no dinnnution in their hnlUnhcy, 
The reason of this lies in the way in which clouds are iormt^A of 
innumerable drops, each one electrified and each one ini^ulat<e<J froio 
its neighbor. Because of this a cloud is <'le' trifie<J throughout \i% 
whole mass, and not only on its hurdnA*, ; therefore, ^> m^^o nh ou**, 
surface dij»charge is over, more electricity rep)i<ce>> that which Ir-iH 
been dispersed, and a similar state of strain re^;urs, Vj l>e rtVi^v^^ by 
another discharge, rartly^ however, following exa^.tjy the ^tf^ |/aii* 
as its predeceMi^if, \>\%iM'dr*^**% lake |;la/>e I>^twe4'n different cU/u/ji^, 
as well as !.*etir<wm clouds and the trariU, (n (he formtr c'4i><; iU^r^ 
may !>e no dat^ger <o l>e a|;|/reh<'nd<'^i, but in (he iaHit-r \'*:ry u:tU/^i¥ 
and iihiTmn% <j/u%^j{^i»'j^'>K% o((*?o ensue; ilA'/ugh tli< ui>e oi ii^UihUtjf^ 
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I lods, imperfect as the latter may still be in some respects, has certain! 
I diminished the number of accidents to life and property 

The two principal characteristics of lightning are its short durati( 
I «nd its extreme briUiancy. A flash of lightning is thought to 1, 
\ «ibout one ten-thousandih part of a second. This fraction of timt 

nute that it is difficult to form an idea of it, but a rough notioa 

I of the momentariness of lightning can be obtained by observing that 

I an object moving at however great a speed, the wheels of a carriage, 

r of a train, appear absolutely stationary when seen by it. Even a 

I rifle ball would look as if poised motionless in mid-air. One experi- 

' ment which has been made proving this extremely short duration of 

lightning, is to observe during a flash a very rapidly rotating di 

painted in alternate black and white sectors, running from the cenl 

to the edge like the spokes of a wheel. By daylighl such a di! 

appears gray while revolving, as its speed is so greal as to 

I time for the eye to distinguish between the black and white, which are 

isequently mixed together and form gray. Seen by a lightning 

flash, however, the black and white sectors stand out clearly with gray 

s between them, the fraction of space through which one sector is 

^ble to move while the flash lasts being so small as to produce almost 

the same effect as though it were stationary. In order to product 

I -exactly the same effect and have no gray at all, it would be necessi 

I ior the illumination to be really instantaneous, which is impossible. 

One consequence of the short duration of lightning is an apparent 

■diminution of its brilliancy. It has been proved that light cannot 

produce its full effect on the eye unless it remains, at least, as long as 

one-tenth of a second. But lightning lasts only the ten-thousandth 

part of a second, and it follows from this that we see it one hundred 

thousand times less bright than it really is. When we Recollect that 

■even thus diminished its brilliancy is such as to cause temiMrary 

blindness if too closely watched, we may feel grateful thai we cannot 

see it in its true vividness, for any human powers of vision would be 

too weak to bear such a sudden and overwhelming illumination.' 

The color of lightning varies according to the condition of the 
atmosphere. If the latter be saturated with moisture, red will prob- 
ably be the predominating hue, because the intense heat developed 
by the passage of the flash decomposes and rarefies the air and the 
watery vapor it contains. If, therefore, the latter be abundant, rare- 
fied hydrogen, which is red when ;m electric discharge passes through 
it, will give its hue to the lightning. If, on the contrarj-, the air be 

' It should be staled, however, that there Is some evidence, chiefly photographic, 
that lightning flashes may at any rate occasionally be of longer duration tlian is 
usually supposed, and the magneliEing power of lightoiog also points lo Ihis conclu- 
sion. See the discussion on lightning- rods during the meeting ol the British .\sso- 
eiation at Bath, l888. — Krjwrl of the British AisaciatioH for l88S, pp 593, SgS, 60I, 
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5;om|)arali veiy dry, or the quantity of electricity in play not very 
large, the color of the flashes will be blue or bluish-violet, which is 
that of rarefied air during the passage of an electric discharge.' 

'I'he shape of a flash of forked lightning varies according lo its 
length, and the equality of resistance it encounters in its path from a 
tlotid to the earth, or from one cloud to another. If the distance be 
short, and the air of a tolerably uniform density, the flash may be 
nearly or quite straight ; but if there is a long way to traverse, and the 
air is in different states of density at different points {as is almost 
invariably the case during a thunderstorm), the flash is sure to pursue 
■a very irregular and winding path, sometimes seeming to meander 




1 making loops and knots in its pro- 
frequently giving out side flashes, as 



■about in the air, sometimes 
.gress {Fig. 9), and in all ca 
represented in Figs. 7 and 8, 

The cause of the irregular path ot a lightning flash lies in the ten^ 
dency of electricity to take the path of least resistance ; it woulc 
rather run round an obstacle, if possible, than overleap it, and a long 
electric spark will often exhibit on a small scale exactly the same 
tpeculiarities of shape as a flash of lightning, and for the same reason. 
' Planl^p " Ph^oom^nes electriques dc T Atmosphere," pp. 34, 35, 



The forking or, to speak more n 
ning (for, seen in a plioLigraph, < 
others, like the roots or braiichc 



;illy. the branching of ;l 

: flasli i.fteii seems to rLimity iiJI 

if a [fee. Fig. 7) has a iliiierent 
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felly ill it. this same strained condition obtains, so that tlic men; 

i of Ihe air giving way at one point wouiti seem to render its 
giving way at the other neighboring points almost a matter of cer- 
tainty. 

There is another way in which one lightning flash may, perhaps, be 
the cause of others— a way which is particularly interrsling bccaimc 
it serves to show the exceedingly intimate connection between light 
and electricity. It is a curious and remarkable fact "'liit if the lijjht 
of an electric spark is made to fall on the space between two con- 
ductors, which are highly charged but just noi able to spark into cuch 
other, they will at once do so, especially if the light fall on the con- 
ductors themselves — showing that under certain conditions the mere 
effect of iight is able to produce an electric discharge. Now, since 
lightning is in reality simply a very enormous electric spark, it i» only 
reasonable to suppose that it will lifh.ivi* lil.-e mie, ,niil, ihcrctorc, ihat 
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under some circumstances the liaht of one flMh will caimr nnolher 
flash. The probable reaimn of this phenomenon can tnily be brirltj' 
alluded to. but ii is of too great inlere« Hf be panned over crillrrly, 
It has already been slated both that the diMrbargf iif h l.oyden jar l« 
often oscillatory and that tl Ik the type nf all (tikcharxp, iiicliiilliiit tliut 
of lightning. It follow*, then, Uial lightnintt diwrhufK*" inil)' lin iiMiiU 
latory. Now. in a medium able tolraixmit lh«(it, oKittxIliiitK ix wiivh' 
movements spread: and with lighl aiul cli^triviljr (hit «>ltiiii l« ill* 
meditun through which they spread, a« air i* lli« itiMlum lltfinin'li 
which sound wave* *pfead. In the cane of woiid, tl !• wftt Itimwii 
that if two tuning-forkf (A (he ume pilch lie placed n^Hr piiiIi iillt^r, 
on Btriking one the other will give cut d* wAa a>Ko : t)il» I* bf i iMtHi 
the vibration of the firM, comoiiinicalcd ihxMiKh lb« atr lo <h« ii-i '((ul. 
Lap in that a wmibr ytbrsii^^ri. It wuuld ■Mill thai «» irl#Mrlu 





STATIC ELEQTRICiTY. 

spark, or a flash of lightning caused by the light of another spark 
i)r flash, must have an analogous origin. A vibration, is set up by the 
first flash, which is communicated through the ether to the point where 
the state of things is such that another similar vibration can be set 
up, and a second flash is the result. Such a combination of condi- 
tions may be rare {it is not always that we find two tuning forks near 
at hand able to be excited the one by the other), but it is certainly 
possible, and its occurrence, if it could be proved, of the, very highest 
•interest.' 

A single flash of lightning will sometimes divide when it strikes an 
■object, and take two or even more different paths for the rest of its 
journey to the earth, working destruction in each, unless very efiicient 
■lightning conductors be provided. Some description of these and 
the injurious effects they are intended to guard against, will be given 
'shortly. In the meanwhile mention must be made of the second 
kind of lightning flash, the sheet, and of a third, which is not a flash 
■at all and is but seldom seen, via., globular lightning. 

Sheet lightning presents the appearance of abroad flash, emanating 
from the edge of the cloud, or occasionally from the centre, when the 
■cloud looks as if it opened to allow of the exit of the electric fire. 
No object on the surface of the earth is ever struck by it ; it is, in 
fact, a discharge between cloud and cloud, much of the nature of a 
brush discharge, and not a discharge between a cloud and the earth. 
Occasionally sheet lightning is seen on a clear sky and unattended by 
thunder, and it is then often called summer or heat lightning. This 
is no doubt reflection of flashes from a storm below the horizon, and 
too distant to allow the sound of the thunder to reach the ear of the 
-observer. The thunder itself is supposed to be due to the sudden 
and violent expansion of the air caused by the enormous heat devel- 
oped in the path of the lightning. The rolling soilud is occasioned 
partly by echoes from the different surfaces of the clouds and from 
strata of air of unequal density, and partly by the great length which 
■a lightning flash sometimes attains. The flash is practically simulta- 
neous along its whole path, but since sound takes a very much longer 
'lime to travel than light, moving at the rate of only about 1,100 feet 

' Professor Rowland appears to think that the " return shock" (which in Ihe case 

-of a lightoing f1a<:h often takes place at a very considerable distance from the actual 
point of discharge), may be explained on a similar principle. In a lecture given at 
New York, before the American Institute of Electrical Engineers, he said : " If they 
(the oscillations) take place, we have a ready explanation of what is sometimes called 

• a back-slroke of lightaiog. That is. a man at the other end of the cloud, a mile or 
more distant from the lightning stroke, sometimes receives a shock, or a new light- 
ning flash may form at that point and kill him. This ma)- be caused, according toour 

■present theory, by the arrival ol waves of electrical disturbance, which might thera- 
setves cause a slight shock, or even overturn the equilibrium then existing, and cause 

■a new electric discharge." ^^ 
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a second, the noise of the thunder, though started at the same time- 
throughout the entire line of discharge, reaches the ear by degrees, thcr 
sound from the nearest point first and that from the points farther 
away afterward, according to their distance. 

Globular lightning, /. <?., lightning having the appearance of an in^ 
tensely brilliant luminous or fiery ball, was long held to be fabulous^, 
and the accounts of it have certainly often been greatly and eveoj 
ridiculously exaggerated. Nevertheless, there remains now no manner 
of doubt that this phenomenon, though rare, compared to. that of 
forked or sheet lightning, does most unquestionably occur.' Persons, 
trained to scientific observation have, recorded its appearance, and 
their accounts tally in the main particulars with those of other ob^ 
servers. Globular lightning may either descend from the clouds ' or 
ascend from the earth,' or it may float along at a greater or less dis-v 
tance from the soil.* Its movement is slow and its path often ex-v 
tremely capricious. Its duration varies from a few seconds to a min-. 
ute or more. Its disappearance is sometimes noiseless and harmless^, 
sometime^ attended by a loud explosion and disastrous effects. Some- 
accounts have described these fiery balls entering the window of a. 
house and going up the chimney. This is probable enough, as the 
column of hot air would make an excellent conducting p^th for the- 
electric discharge. Owing to the same cause, no doubt, there have 
been accounts of similar visitors coming down the chimney, to the 
great consternation of the witnesses. Globular lightning has been ob- 
served in the centre of thick clouds during a thunder-storm, and pass- 
ing between one cloud and another,* and also occasionally with a. 
rotatory movement.' 

Many of the phenomena of globular lightning have been artificially^ 
reproduced on a small scale by the late eminent French electrician^ 
M. Gaston Plknt^, whose experiments were, however, conducted by 
the aid of current, not static electricity. He used powerful secondary 

' The writer in the year 1870 herself witnessed an appearance of globular lightning. 
It occurred in Wiltshire during a heavy thunder-storm, which, not being immediately 
overhead, allowed of a continued observation of the lightning flashes. These presented; 
nothing specially remarkable. The storm was in the neighborhood of the Westbury 
Downs, at some distance above which there was a thick, leaden canopy of cloud. To-, 
ward the end of the storm there fell from this cloud an egg-shaped luminous body 
which apparently dropped to some point on the hills, where it disappeared. Some 
seconds afterward there ensued a long, heavy roll of thunder. As the hills are distant 
about three miles, as the crow flies, from the place where the writer was situated, this, 
luminous globe would appear to have been of considerable size. Its brilliancy was. 
apparently that of ordinary forked lightning observed from the same distance, but its 
motion very much slower, the globe remaining visible for two or three seconds. No. 
rain was falling at the time. 

'^•^ Phenomenes electriques de I'Atmosphere," p. 201 ff. 

^Ibid., p. 214 ff. Forked lightning also, though rarely, ascends. 

^Ibiii., p. 47. ^ Ibid,, p. 207. ^ Ibid., p. 202.. 
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batteries,' which give cnrreiils of a very high potent inl, nnd succeeded 
l)y their means in producing small and intensely brilliant globules of 
fire on the surface of water, on a sheet of mica placed between two 
conducting surfaces, and lastly in the air-space between two dam|> 
sheets of filtering paper.' These luminous globules behaved in the 
same manner as globular lightning. They moved slowly, followed, in 
the second and third c;ises, very irregular paths, and their duration was 
considerable. M. Plantd was led by his experiments to the conclusion 
that globular lightning must be produced by " dynamical " electricity 
'(/. e., current electricity) of very high potential and in large quantities, 
and that the fiery globes themselves are formed of " rarefied iocJin- 
descent air and of the gases resulting from the decomposition of vapor 
of water also in a state of rarefaction and incandescence." ' The bril- 
liancy of these globes is due, according to M. Plante, to the quantity 
■of electricity in play at the time of their appearance, and it is a fact 
that they are only observed during storms of exceptional severity. 
The rustling noise which often accompanies them he refers to the 
rapid vaporization of liquid and solid particles in the path of the 
electric discharge, and the variation of color to the same cause which 
produces it in ordinary lightning.' 

Lightnipg produces chemical changes similar to, but on an enorm- 
ously larger scale than those of an electric spark, it is often attended 
by a copious generation of ozone, to which fact may be referred the 
powerful odor often mentioned by persons who have been near an 
object "struck" by lightning. It also decomposes the oxygen and 
nitrogen of the air in order to form nitric acid, strong traces of which 
are found in specimens of rain-water collected during thunderstorms, 
while at other times it is either entirely absent, or present in almost 
infinitesimal quantities. The heating effects of lightning are also very 
great; it fuses and even vaporizes metals; but' perhaps the most 
wonderful examples of its power in this way are the fulgurites or 
tubes of vitrified sand found in many places, and now known to owe 
their origin to lightning. Some remarkable tubes of this kind were 
found near Urigg, in Cumberland, in 1S12, one of which was consider- 
ably more than thirty feet in length, and varying in diameter from an 
inch and a half, at the surface of the sand hill in which it was found, 
to half an inch at the bottom of the excavation made. Small branches, 
two or three inches long, and a quarter of an inch in diameter, pro- 
truded from the main stem. The outer surface of these tubes was 
rough and uneven, but the inner surface was formed of a "whitish or 
limpid vitrified matter, covered with a smooth glaze, and hard enough 
to scratch glass."' Similar tubes were found by Darwin in South 

' Sec Part III. chap. i. p. 77. 

' " PhenomeQcs clectriques de I" Atmosphere." chap. i. 

' lhi,l.. pp. 2g, 30. * See p. 40. ' " The Thun(ler5tonii," 
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America, near the River Piata,^ and attempts have l>een nuule with 
partial success to imitate them artiticially. by means of (Kissing a 
powerful electric discharge through various hard, p<^)wdered substances^ 
The experiments succeeded with glass dust, a tube an inch long hav« 
ing been formed in this way, but failed with felspar and quartz, out 
-of which lightning has nevertheless manufactured tubes thirty feet in 
length. 

The most remarkable of all the effects due to lightning, however, 
-are the extraordinary explosions it causes, and which have been 
attributed to the sudden vaporization of any moisture contained in 
the solid materials, such as stone, wood, etc., through which the dis- 
-charge is passing. The formidable expansive power of steam is well 
known, and we may therefore conceive that if all the moisture con- 
tained in a tree or in a mass of stone were suddenly turned into 
vapor, the pressure would be such as to burst everything before it.* 
Instances of explosive effects in buildings will be given hereafter. 
With regard to trees, it is stated that ** on the 25th of May, 1842, at 
the village of Adforton, near Ludlow, lightning struck a poplar tree 
nearly forty-five feet high ; it was shivered to pieces, and the ground 
for a hundred yards round it was thickly covered with splinters, from 
four to twelve inches long, many of which seemed to be entirely 
smashed. The body of the tree was divided into eight or ten large 
portions, which came away with the branches and fell wide of each 
other, but all on the South side." This is one example out of many 
equally remarkable." Still more striking are some of the explosive 
•accidents due to lightning on board ship. On 19th Septem!)er, 181 2, 
H. M. S. Sultan (of seventy-four guns) was struck by lightning off 
the coast of Sardinia; *' the highest spar, or top-gallant, and royal 
mast was fairly shaken in pieces ; the next, or top-mast, seventy feet 
long, was burst into shreds like a bundle of laths, and stood gaping 
'Open in the upper end ; it remained in this condition for some minutes, 
and then fell with a terrific crash. So complete was the destruc'tion 
that the decks of the ship were filled with the chi|)s of wreck of more 
than three tons of wood. The next, or lower mast, weighing eigjiteen 
tons, was struck through to the very centre ; and the lightning made 

^ "Journal during the Voya^jc of the nf«j{lc," pp. .|3. H- 

* Arago's theory as quoted in " The 'I'hun«lcrKtorin," p. I'i'i. 

^ " The Thunderstorm," p. 127. 

^Averysimilar but not quite sodcHtniclivc Miinh Is iiiriilldiird in " 'Ilir I'-li'MrlrJan " 
for 27th June of the present year. \)\.\x\\\^ a ^lorm at I'luylonl In Suffolk, " u poplui 
tree, about 300 yards away from the rliiirrji, wan hiriirk by llglilnliijf, himI I In- bfiili 
was completely stripped away from top t<» boMorn, \\w SoiiIIm.tii half of llir body ImJmk 
riven into matchwood. ()nc pierr, *^% Ibn. in wi-l^lH, wiin pirknl up lub yardi* HW«y 
from the tree, and the debris a;ver«rd aU;ul I wo a< rre» of laud. I lu* dUi Iimik*' N'h ifiit 
Iree at the foot, following the direMiou of a U-WK.iL foi «boul i", 01 uo fiil, ibirw up m 
sod about a foot square, and went to i-artb." 
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: iir two holes in it sufficiently larye for a boy li) creep 

ps which were lorn out were thrown uboiit the deck, I 
difficuliy prevented from falling till the ship got into port, when the 
mast' in its ruined state was taken out, On removing the moldings 
and fishes it literally fell to pieces." ' 

The length of lightning flashes has been very variously computed, 
some authorities considering that it may be a mile or even more in 
length, others that tt can never exceed 500 or 700 feet.' Probably the 
truth lies somewhere between these two extremes At Tny rate, it seems 
certain that thunderclouds never attain very h gh alt tudes, probably 

t over 7,000 feet above the sea-level. On h gh mountains, thunder- 
clouds are seen below the observer ; a d tl s t would appear that 
while aurorie are chiefly, if not entirely confined to the upper strata 
of the atmosphere, thunderstorms lake pU e n the 1 \ er. 

The magnetizing power of lightning must not be left unmentioned. 
After ihunderstorms at sea, the action of the ship's compass has often 
been impaired. Occasionally the polarity of the needle is actually 
reversed, and often pieces of iron and steel become magnetic through 
the passage of lightning. Walch -springs have frequently suffered in 
this way, and after the remarkable storm, during which the church of 
St. George's, Leicester, was partially destroyed, described in the 
ensuing chapter, the iron cramps in the sleeple and other masses of 
metal were found to be highly magnetized. These magnetizing effects 
are taken to indicate that the duration of lightning is, at any rate 
occasionally, considerably longer than'is usually supposed, as mag- 
netization is not momentary, but lakes an appreciable time la 
accomplish. 

Thunderstorms are not the only occasions of the manifestation of 
iightning. Violent volcanic eruptions are always accompanied by 
this, and sometimes by other electrical phenomena. Lightning seema 
to have been a specially marked feature of the terrible Krakatoa con- 
vulsion, nearly all eye-witnesses of the eruption laying stress upon 
this, as greatly adding to the horror and magnificence of the spec- 
tacle. Thus Captain Woolridge of the Sir S. Sale, viewing the vol- 
cano from the N. E. at sunset on Sunday evening, a6th May, describes 
the sky as presenting " a most terrible appearance, the dense mass of 
clouds being covered with a murky tinge with fierce flashes of light- 
ning. At 7 p. M., when the dense vapor and dust clouds rendered it 
intensely dark, the whole scene was lighted up from time to lime by 
the electrical discharges, and at one time the cloud above the moun- 
tain presented the appearance of an immense pine tree, with the stein 
and branches formed with volcanic lightning.'" The same observer, 



■■The Thunderstorm/' p. 130. 
See discussion on Hglitning-rod 
= " Official Report of the Royal 6 



mceiing of the British Association, i 
n the Eruption of Krakatoa," p. 19. 
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at a distance of forty miles, speaks of the great vapor cloud looking 
like ''an immense wall^ with bursts of foiked lightning, at times like 
huge serpents, rushing through the air." Another observer, whose 
vessel was situated about forty or fifty English miles N. W. of the 
volcano, records that ** lightning struck the mainmast conductor five 
or six times," and also that ** the mud rain covering the masts, rigging 
and decks was phosphorescent ; the rigging presenting the appear- 
ance of St. Elmo's fire." 

** This abundant generation of atmospheric electricity," writes 
Professor Judd, ** is a familiar phenomenon in all volcanic eruptions 
on a grand scale. Steam jets rushing through the orifices of the 
earth's crust constitute an enormous hydro-electric engine ; and the 
friction of ejected materials striking against one another in their 
ascent and descent also does much in the way of generating elec- 
tricity." 



•» I 



CHAPTER VII. 

ATMOSPHERIC ELECTRICITY CONTINUED. 

DANGERS TO BE APPREHENDED FROM LIGHTNING MODES OF 

PROTECTION. 

Danger xo life aod p topei tj frocn lightning — Instances of loss oc animal life — Death 
not rneritable from a '* stroke " of lightning — Pers on s stnxck do not xe the ^ash 
— Instance — Globalar Kghtning is seen — Case of Mr. Pffcafm — lajnry to twxikt- 
ings — Aaxxmt of the partial destmctioa of Sc George's CImrcfa, l^*-*^^^ — 
I>angers formerly encooatcrcd at 4ea during thnnderstorma — FTa7np(«>% — Ejqpto- 
sioD of gxmpfowder mafpotnes bf iigiitning — Earliest lightning coodocsork — 
Tbeir tnefficieacy — 5)3rstcm of protection dcrued by Sir W, Snow Harris — Direc- 
tions cocLceming lightning-rods — Mocfem modificat«»is — Real use of lightning' 
rods — Perfect 47<«em of protection not yet attained — N'ecessiry of employing 
experienced eiectriinans to erect lightning-rods — Protection of imfirrduals from, 
fightnin^— M-^tal does noc "* attract " lightning— Theory of an '* area of pro- 
cecti-Mi * expu>led — The «o«t elevated objects not always those ^tmck — Reason. 

THE danjarer^ to be appr-thcndcd frotn Hjjrfitning' arc in the case 
of property, (jejitruction by fire, or by the extraordinarr ex- 
plosr^e power-* m^vm^vma manif«ted : an/J rn the case of man and tlie 
lower anirnaU. ^*evere Inlnry or deaths owini^ to the -^ock to *:htt 
ncrrouA ^y^tem,* ra»i<*er! by the pcwda^je throui^h a livini^ bodr .r 

^-J^riai Report -/ -h^t Royai vytiery on the Eruption of A^rakarua,* p. z:. 
*Thi* ir^ mrjl r^/vmfly fTi#» r^a^ion M$izp^ for death :'— ^m :iir»TTning, -r ... 
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•electricity in such large quantities and at such high potential. 
Timid persons are often ydiculed for the terror they show during 
thunderstorms. There is, however, something to be said in their 
defence, for though all storms are not dangerous there is no doubt 
^hat some are so in a high degree, and, moreover, the disturbed electri- 
cal condition of the atmosphere before and during a heavy storm is 
of itself sufficient to induce great nervous discomfort in sensitive 
organizations. Accidents due to lightning are now made so public^ 
owing to the newspapers which flood the civilized world, that they 
perhaps appear more frequent than they really are ; but it is only 
necessary to remember the large number of thunderstorms which 
^annually take place in the United Kingdom, and the small average of 
^deaths either of men or animals occasioned by them, to feel reassured 
on this point. Before the introduction and better understanding of 
lightning-rods, indeed, high isolated buildings, particularly churches, 
were only too often "struck," and ships also suffered terribly ; but in 
our days such occurrences are comparatively rare, and it is to be 
hoped that with the further advance of electrical knowledge they will 
cease altogether. 

Before entering on the subject of protection from lightning, it may 
be interesting to give a few examples of the terrible destruction it 
may work. First with regard to animal life. In 1858 twenty-five 
sheep were killed during a thunderstorm near Abingdon.* In the 
same year, at Sacco, in Italy, on the 17th of August, 120 sheep out of 
a flock of 140 were killed by lightning.* The shepherd and the shep- 
herd's boy were not injured, though the latter was carrying a kid in 
his arms, which was killed." This remarkable escape of human beings, 
when animals close by them are struck, is not unusual, and would 
5eem to point to the conclusion that the lower animals are more sus- 
ceptible than man to injuries from lightning. In some instances this 
could be accounted for by the greater propensity of animals to huddle 
together in groups, especially when terror-stricken. During thunder- 
storms such a tendency is dangerous, because the column of heated 
air rising from their bodies offers a good conducting path to the elec- 
tric discharge. No such cause, however, could have accounted for 
the death of the kid in the shepherd boy's arms and the escape of the 
boy himself. When human beings are struck and recover (for to be / 
struck by lightning by no means necessarily entails death), they inva- 
riably say they did not see the flash which rendered them unconscious. 
'Many instances of this are cited in "The Thunderstorm," to which 
work frequent reference has already been made. A relative of the 

powerful electric *' shock." It appears, however, according to the latest investiga- 
tions, that some direct effect is produced upon the heart, and that is most likely «■ 
immediate cause of death. 

^ "The Thunderstorm," p. 163. ' Ibid., p. 
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present writer, who was struck by a flash of lij;htning during a violent 
thunderstorm in Yorkshire in 1886, saw nothing, neither did his wife, 
who was close to him and suffered, though slightly in comparison, 
from the effects of the same flash. More curiously, the woman in 
whose farm-house they had taken temporary refuge, and who was in 
another room, saw no flash either at this moment, but heard a sudden, 
sharp explosion, which she took for the report of a gun, and rushed in 
a state of great anger to demand an explanation from her guests, 
when, to her astonishment, she found one of them in an unconscious 
and apparently dying state. A short time sufficed to restore his 
senses, and no other injury was sustained beyond a shock to the 
nervous system, which for a time affected the general health and 
spirits, but not in any serious or incapacitating manner.* Globular 
lightning, whose movements are so much slower, is not thus invisible 
to those whom it injures. M. Plants cites an instance of a ball of fire 
the size of a fist, which, during a violent thunderstorm, appeared to 
two clergymen, Messrs. Wainhouse and Pitcairn, who were together 
in a room in the rectory of Steeple-Ashton, Wiltshire. It seemed to 
be one foot distant from them, and about the height of a man from 
the ground, and was surrounded by a dark smoke. Its explosion was 
attended by a noise comparable to the firing of several cannons and a 
strong "sulphurous" smell filled the house immediately afterward. 
Mr. Pitcairn was dangerously wounded.' 

With regard to buildings, churches and any high or isolated erec- 
tions are most exposed to danger from lightning. Mr. Tonilin.sc^n 
gives a formidable list of damages in "The Thunderstorm," occurring 
between the years 1822 and 1858, in which no fewer than thirty-three 
churches are included, and enters into many interesting details with 
regard to several of them. The most striking account is that of the 
injuries sustained by St. George's Church, Leicester, on ist August, 
1846, during a storm of quite exceptional violence and duration, and 
in which the phenomenon of globular lightning repeatedly presented 
itself. The storm had already been raging for hours, accompanied by 

* One of the curious tree-like marks which have often been notic^^i on the bodies 
of persons struck by lightning was produced in this instance, and remained for a con- 
siderable time. It extended over the lower ribs on the right side, and resembled the 
trunks of two trees close together, with branches ramifying from them. The sufferer 
on this occasion also said that though he did not see the lightning he heard the thun- 
der ; in fact, it wa.^ the last thing he remembered Ix'fore losing consciousness. 

* ** Phenomenes electriques de TAtmosphere," p. 221. In a previous portion of 
thb wor^ M. Plante justly remarks **that it is not a small mass of air rarificd and 

ImiiiiKms by the passage of an electric current which could thus cxpk><Je with 

ler and resolve itself into * strokes ' of lightning. The source of this 

^ in the reservoir of electricity contained in the thund<rrcloud. which 

He point where the 6rst escape l^gan in the form of a bail ol 
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torrents of rain, when " at five minutes past eight, after one or ti 
peals of unusual distinctness, the Chnrcli of St. George was stri 
with a report resembling the discharge of cannon, and with a con< 
sion of the air which shook the neighboring houses and extinguisl 
a lamp burning at the entrance of the news-room, many hundred f< 
distant, . . . Two of the spectators of this awful event wi 
Captain Jackson and the Rev. R. Burnaby, rector of the parish, 
both described the flash as a vivid stream of light, followed by ■ 
and globular mass of fire, and darting obliquely from the North-wj 
with immense velocity against the upper part of the spire. For 
distance of 40 feet on the eastern side and nearly 70 on the west, t! 
massive stonework of the spire was instantly rent asunder and laid in 
ruins. Large blocks of stone were hurled in all directions, broken 
into small fragments, and in some cases, as there is every reasoa 
believe, reduced to powder. One fragment of considerable size 
hurled against the window of a house 300 feel distant, shattering 
pieces the woodwork, as well as fourteen out of the sixteen panes 
glass. ... It has been computed that a hundred tons of stoni 
were on this occasion blown to a distance of 30 feet in three seconi 
In addition to the shivering of the spire, the pinnacles at the angli 
of the tower were all more or less damaged, the flying buttresses, 
cracked through and violently shaken, many of the open battlements 
at the base of the spire knocked away, the roof of the church com- 
pletely riddled, the roofs of the side entrances destroyed, and the 
stone staircases of the gallery shattered. The top of the spire, when 
left without support beneath, fell perpendicularly downwards inside 
the steeple, causing much devastation in its descent." ' 

The scene of this fearful accident' was afterwards minutely 
amined, when it became evident that the formidable explosions w^ 
worked the destruction were caused by the electric discharge on 
road to the earth, bursting its way from one good conducting point 
another through masses of badly conducting material, 
told that "after traversing the vane and spindle, and the terminating!- 
iron supports, the only path left for the fluid was through a series of 
iron crara^?,, separated liy means 0/ safid-stotie J and here il wa' that the 
explosion commenced, the stone being torn and hurled aside as it cai 
in the path of the lightning to the lowest lead lights of the spire,'" 

' " The Thunderslonn," p. 153 H. 

'One almost equally isevere appears to bave accurred iX Louvain on April 8 of 
present year, 1890. The cathedral was struct by lightning. " One of the turret? vas 
completeiy destrojed, and the top, weighing aboul (our tons, was projected a distance 
of twenty-two yards, demolishing a house, while blocks of stone weighing from two 
to three tons were hurled 3 distance of nearly seventy yards, damaging the houses in 
the neighborhood." — Tht EUdrman for June 6, 1B90, p. log. 

' '■ The Thunderstorm." p. 156. Apparently this cbucGli was unprotected by anjf 
lightning conductors whatever. 
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In this accident, terrible as it was, no life was sacrificed, but M. 
Plants cites an account of a violent storm which took place on the 
^7th of July, 1769, during which several hundred persons, being con- 
gregated in a large public hall, suddenly saw a fiery globe the size of 
^ large cannon-ball appear through an opening in the roof. All the 
lights immediately went out, and more than seventy-six persons were 
killed or wounded.* 

However fearful the destruction worked by lightning inland may 
sometimes have been, ships were formerly 'exposed to a far greater 
degree of danger from this source. Isolated objects on the vast plain 
of the ocean, it was almost impossible that during thunder-storms 
they could escape being made part of the path of an electric discharge 
between the clouds and the sea, and the wonder is rather that so 
many escaped than that so many were ** struck." Neverthleless, the 
destruction both of life and property before Sir William Snow Harris 
devised an efficient system of protection, was truly appalling. The 
accidents to H.M. ships alone between the years 1790 and 1840 num- 
bered 280, some exceedingly serious ; and the loss of life was propor- 
tionately great, 100 seainen having been killed, and 250 dangerously in- 
jured, while the monetary loss to the country was reckoned at 
^150,000.* Space forbids the citation of more than one instance, that 
of the Repulse, a 74-gun ship. On the 13th of April, 1810, the Repulse, 
being off the coast of Spain, was overtaken by " a heavy squall 
of wind, with rain, thunder and lightning, at which time the people 
were employed in getting down their washed clothes which hung from 
the rigging, when the ship was struck by two vivid flashes of light- 
ning which shivered the maintop-gallant mast, and severely damaged 
the main-mast. Seven men were killed on the spot, three others only 
survived a few days, and ten were maimed for life. After the second 
discharge the rain fell in torrents ; the ship was more completely crip- 
pled than if she had been in action, and the squadron, then engaged 
on a critical service, lost for a time one of its fastest and best ships."* 

.More terrible yet is the description of accidents which occur when 
lightning sets a ship on fire. Fearful stories of suffering and privation 
have thus been added to the roll of disasters at sea. Among others 
the case of the Tanjore, a ship belonging to the East India Company, 
is cited by Mr. Tomlinson. In May, 1820, she was struck by lightning 
forty miles off the coast of Ceylon ; two men were instantly killed, and 
many others rendered insensible ; the cargo, which was partly of 
brandy, caught fire, and burned so fiercely that the crew and passen- 
gers had to hurry into the boats without waiting even to take food 
and water. Fortunately a fewho' ' •vmet with a native 

vessel and so were rescued.* 

' " Ph^om^es electriques de X 

• •• The Thunderstorm." p. 171 ^Ibid. p. 182. 



^^^^1 Many instances 
H^^V and exploded by 



STATIC ELECTRILITY. 




I 



Many instances have occurred of powder magazines being su 
and exploded by lightning. •' In 1855, on the 7th of Ociob«r, iiboi 

1 firework manufactory in Green Street, Liverpool, was struck 
by lightning and blown up; the factory and the adjoining houses 
were destroyed, and many persons severely injured. ... On the 
loth of August, 1857, about midnight, lightning fell on the magazine 
of Joudpore, in the Bombay Presidency, whereby some thousands of 
maunds of gunpowder were blown up. Five hundred houses were de- 
stroyed, and nearly one thousand persons are reported to have b( 
killed."' 

Enough examples have now been quoted to show the need of pi 
tection from lightning, and it is time to turn our attention to the 
means employed for attaining this end. Lightning conductors were 
an almost immediate consequence of Franklin's famous experiment 
in 1752 {described on p. 33 of the present work), and only ten years 
later the first erected in England was put up by Dr. Watson at 
Paynsted. It is amusing to think that so little was the principle of their 
action understood, that during the war of Independence an animated 
discussion was carried on between the supporters of pointed lightnings 
rods and those who recommended rounded tops. The matter was 
made a political question, the pointed rods being in favor with 
Franklin and the Revolutionary party, and the blunt with "loyal 
subjects and good citizens;'" neither side considering the scientific 
and practical question as to which was in reality the best protector, 
worth attending to. As a matter of fact, the pointed rods were, of 
course, preferable, points contributing lo a silent and noiseless dis- 
charge, and round tops, on the contrary, being likely to cause an 
explosive discharge between the conductor and the cloud. In these, 
early days, however, many other important matters beside that of 
points were but ill understood. One lightning rod stuck up any- 
where, perhaps insulated at the bottom, instead of having a good 
earth connection, or run into a small stone tank of water, or into any 
other equally impossible place according to the better-instructed 
ideas of the present day, was deemed sufficient. Ships also were. 
provided with a chain conductor of very small dimensions, stowed 
away in a box, and taken out to be suspended from the masts if 
occasion required. It is not surprising that such protection as this 
was found terribly inadequate, and that great danger was incurred by 
the sailors, through having to place these conductors in position 
during a storm. To Sir William Snow Harris belongs the honor of 
having first devised a really adequate system of protection both for 
buildings and ships. He insisted upon an unbroken line of metallic 
connection between every part of the building or vessel and the light 
ning rods as indispensable. Isolated masses of metal forming 

' " The Thunderstorm," p 169. ' Ibid., p. 223, note. 
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lateral part of any erection are fraught with danger, and exceed- 
ingly likely to cause such destructive explosions as those which 
occurred in the case of St. George's Church, Leicester, cited above — 
for the lightning in leaping from one conducting point to another will 
shatter the badly-conducting substances obstructing its path. The 
upright rod or rods should be armed with one or more points, and 
should project above those portions of the building to which they are 
attached. They should also have a thoroughly good earth connec- 
tion, /. ^., the earth about them should be kept damp, and they should 
not be buried in charcoal, or beds of stone or rubble, nor led inta 
inclosed tanks.' Running water, on the contrary, is excellent, as it 
affords a thoroughly good conducting channel for the electric dis-^ 
charge. 

Lightning rods should also have a good extent of surface, but they 
need not, as was formerly thought, be solid. Hollow rods are quite 
as good, and flat ribbons, or a bundle of separate strands of thickish 
wire, better still. The solid rods were used under the idea that they 
offered a greater amount of conducting material to the passage of 
the electric discharge, because currents of electricity (and a discharge 
is a momentary current) penetrate the substance of conductors, and 
do not remain on the surface like static charges ; but this only holds 
good of steady currents, not of sudden rushes of electricity like the 
discharge of a Leyden jar and lightning. In these cases the velocity 
is so great and the duration so short that the electricity scarcely 
penetrates below the surface, and therefore the important matter is 
that the latter should be of sufficient extent, not that the conductor 
should be solid. A modification has also arisen in the views held as 
to the best metal to employ in the construction of lightning rods. 
Until recently, copper was recommended by all electricians on ac- 
count of its high conducting power, but it appears now that for this 
very reason it may be less suitable than iron, t>ecause, as Dr. Oliver 
Lodge stated in a lecture delivered t>efore the Society of Arts oa 
March 17, 1888, '^ If a great weight or a large reservoir of water were 
propped up above one's house, one would not say that, the safe tbin^r 
being to get it down as quickly as possible, it was advisable to break 
away the props, or to blow the bottom out of the reservoir ; no, <«kc 
would prefer to let it slide slowly and gradually down a weil-rewstia^ 
channel, so as to disperse the energy gradually/' 

These words " to disperse the energy gradually " rtcaii a conK^dtr- 
ation of the highest importance, which must nerer be k>st sight of in 
any system of protection from lightning, Tb^ «i \mntt is 

not only — or even mainly — bow to COP^* of ciiec- 

tricity safely and quietly into the Ci of the 

' It is fpedallj wMBoojttid^A alto tbil < tile 

HOC too near the mtUtot. 
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\ enormous energy developed by liglitning, which can neither be ignored 
nor conjured out of existence. Therefore, a certain amount of resist- 
ance may be a good thing as affording work to do to overcome it \ 
hut it need hardly be said that it should never be sufficient to occa- 
sion great heating, as that at once entails the danger of (ire, or the 

[ toUapse of the conductor through fusion, either throughout its length, 
or at special points, such as the joints, where increase of resistance is 
encountered. 

Even with every precaution taken, and a system of protection from 
lightning adopted in accordance with the best practical electrical 
experience of the day. absolute safety cannot be guaranteed, as was 
abundantly proved by the Hotel de Ville at Brussels, which is pro- 
tected by a most elaborate and carefully carried out system of light- 
ning conductors, having been struck by lightning, and a portion set 
on fire in the month of June, 1888. But little damage was done, as 
the fire was almost immediately extinguished. Nevertheless, the caae 
is a most important and instructive one, showing, as it does, thai pro- 
tection from lightning, though vastly improved, is not even yet per- 
fectly understood. One of our leading electricians distinguish! 
between two main cases of lightning flash, the one caused by 
steadily increasing strain between a cloud and the earth, so thai the 
path of the flash is inductively prepared beforehand ; the other by a 
sudden rise of potential in a cloud, between which and the earth no 
strain previously existed, by the discharge of another cloud into it, so 
that an " impulsive rush " of electricity takes place to the earth with- 
out any previous preparation. He considers that in the first of these 
cases, a system of protection carried out according to present ideas 
would be efficient, but not in the second case, and his conclusions are 
based upon a number of interesting and highly instructive original 
experiments.' 

The foregoing remarks, though giving the merest outline 
subject, may nevertheless enable the general reader to understam 
something of its importance, and will at any rate serve to show hiul 
that the protection of a building from lightning cannot possibly 
properly accomplished by any but practical electricians, A village 
workman must not be depended on for the erection of lightning-rod*,' 
It may perhaps be of interest to mention that in the case of gui 
powder magazines and other stores of explosiv 
pointed conductors are not recommended. It must always be ro^' 
nierabered that owing to the facilities they offer, they are likely, 
present in sufficient numbers and at a sufficient altitude, to determii 

' See Mann Lectures before Ihe Society of Arts by Dr. Oliver Lodge, F. R. S,. & 
March, iSSS ; also a paper by the same autlior on " I.ighlning, Lightning Cos 
ductors. and Lightning Protectors," read before the Institution of Electrical Enginee 
in April. iSSij. reported in The EUitridait o\ 3d May. iSSi). 
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9 discharge, which might not otherwise take place, between a cloud 

* 

•and the earth ; and though in ordinary cases this would not be a 
^source of danger, it certainly would where gunpowder or other 
•explosive substances are concerned, as the smallest side spark (such 
as frequently takes place from lightning-rods to other conductors in 
•close proximity) might cause a terrible accident. A network of iron 
•entirely covering the edifice, or, better still, making the erection itself 
*of iron, is far preferable in such cases.' 

With respect to the protection of individuals from lightning, a few 

plain directions may be given. It is a well-known source of danger 

to stand close under trees or under any high and isolated object. 

Detached pieces of metal worn about the person should also be 

avoided, as well as standing near a fireplace if there is a fire burning. 

It is of no use to cover oneself with silk garments, or in fact to 

attempt insulation in any way, as this only increases danger. On the 

t>ther hand, the rather impossible protection of a suit of armor would 

render its wearer perfectly safe so long as the joints did not become 

■overheated, which might perhaps occur if the armor were actually 

:struck. Such a defence, however, though excellent for the owner, 

would be exceedingly dangerous to his friends, for to touch it during 

the progress of a storm would ensure a violent, possibly fatal shock ; 

■and the same remark applies to iron network over houses and other 

•erections. The building thus enclosed and all its inmates would be 

perfectly safe, but any one approaching it from the outside during a 

storm, and laying his hand upon the metal, would certainly rue the 

^consequences. 

It must not be supposed, however, that there is anything in metal 
"which attracts lightning. Such is not the case. On account of its 
ihigh conducting power it offers an easy path to the electric discharge, 
of which the latter will, if possible, avail itself ; but it will not go 
•out of its way to pick out a lightning-rod or any other metallic con- 
•dtictor. Instances have occurred of lightning striking buildings in close 

' Telegraphic and telephonic instruments and stations require speciftl protection 
from lightning, and the guards with whkh they are provided are almost always con- 
strocted on the principle that owing to the " impedance " offered by giwd condurtorit 
to a sudden flash (due to the oscillatory nature of the latter) it would rather jump 
■over a short air-space than follow a length of wire. Double combs are used iis pro- 
tectors in telephone exchanges ; a pair of plntes separated by a very short space in 
tdi^^phic offices. These do not always prove efVicient, however, and Dr. Oliver 
Lodge has devised a new lightning gUiird, for which he claims almost absolute perfec- 
tion, and whose principle, in his own words, consists in taking '* the overflow from 
one protector and giving it the chance of another ; then taking the overflow frtjm this 
and offering it another air-gap, and so on till uitthin^ is left ; at the same tinte dimin- 
isldng the overflow from each protector as much as poHsible bv the use of self -Indue- 
~tion coils, which impede the violently varyinu or altetuatiu^ lushes by their eleclro- 
"magnetic inertia." — Quoted from a papei lead beloie the In^tilutltui of I'.lectilcul 
Engineers on 24th April, i8(>(), published in /V /7,n /•/.».»« Im •4.\d May. 



TATIC ELECTHICITY. 



ximity to liglitoing-rotls. erected under the idea ihai 
ird an." area of protection," wittuo the limUs of which i 
themselves coiHd be struck. This erroneous theory of an "area 
protection " is fast dying out, as also that of the most elevated obje( 
being always the ones struck. Very many instances are on record 
houses in the immediate neighorhood of tall trees suffering from 
lightning, while the trees themselves escaped ; and this, though ap- 
parently surprising at first, ceases to be so when we remember that 
the state of strain to which all the phenomena of discharge are due 
does not exist primarily between a cloud and the lightning-rod, tree, 
or steeple, or whatever the elevated object may be, but between the 
cloud and the whole of that portion of the earth's surface lying be- 
neath it ; therefore, all that these isolated and, in comparison to the 
extent of surface, small elevations can do, if they are good conduct- 
ors, is to protect themselves from danger by rendering that part of 
the discharge which is taking place between them and the cloud 
harmless. They cannot do more than this, and hence the paramount 
importance of a metallic connection between every part of the bui 
ing to be protected and its lightning-rods. During the discussion 
lightning-rods which took place between Sections A and G, at i 
meeting of the British Association in Bath, 1888, a most remarkable 
photograph of a flash which occurred during a storm in America was 
shown. It can only be described by saying that the sky seemed to be 
literally pouring down the electric fire on every side, and the remark 
was justly made by its exhibitor,' "Wherein such a case could the 
'area of protection ' be ? " The only real safety would lie in the 
whole surface upon which this enormous quantity of electricity was 
descending being of good conducting matter ; and in the presence of 
such tremendous manifestations of natural energy as this, we can but 
(eel that though it behooves us to take every precaution which tJ 
most advanced science recommends, our preservation depends on 
Higher Power and a Vaster Knowledge than any which our resoun 
can command. 

' The Hon. Ralph Abercrombie, F.R.S. 
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PART II. 



CHAPTER I. 

GENERAL PROPERTIES OF MAGNETS. 

Ancient knowledge of natural magnets — Lodestone an ore of iron — Made useful* !f^ 
navigation in the twelfth century — Gilbert's discovery of magnetic poles — Attrac-L 
tion between unlike and repulsion between like magnetic poles — The earth a 
magnet — Naming of the poles — Magnetic substances — Dia-magnetic substances 
— Action and re-action between magnets and magnetic substances equal — Simi« 
larities and dissimilarities between electric and magnetic induction — Magnetic 
induction cannot take place across magnetic substances — Acts across a vacuum — 
Various ways. of making magnets — Consequent poles — Bar and horse-shoe mag« 
nets — Magnetic shell — Strength and lifting-power of magnet — Causes of loss of 
magnetization — Sub-division of magnets — Molecular theory of magnetism. 

NATURAL magnets were known from very ancient times, andl 
their name is derived from Magnesia, in Asia Minor, where 
many of the hard black stones possessing the property of attracting 
iron and steel were found. The English name of lodestone means 
simply leading stone. It is an ore of iron, called by mineralogists 
magnetite^ and exists in large quantities in Sweden, Spain, and various 
other countries ; though it by no means always possesses magnetic 
properties, being often found entirely destitute of them ; nor is it 
known by what means they are acquired by those specimens of the 
ore which exhibit them. About the twelfth century it became known 
in Europe that lodestones, whose power of attracting iron was already 
attributed to magic, possessed another yet more marvelous peculi- 
arity, viz.', that of setting themselves always in a North and South , 
direction when freely suspended. This property was made useful in 
navigation ; and in fact the name lodestone is derived from the fact 
of the magnet stones being able to act as mariners' guides. The first 
artificial magnets were made by rubbing iron or steel with lodestone, 
when it was found that the latter.imparted its magnetic properties to 
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[these substances — the iron, however, only retaining its magnetism %A 
& very short time ; whereas the steel, though not able to be so powel 
fully magneliied as iron, did not again lose the properties it haj 
acquired, but became a permanent magnet. Other ways of makind 

artificial magnets, which will be mentioned in due < 
Inown and extensively used. 

Or. Gilbert, whose electrical discoveries have already been meiwl 
tioned, made many of equal importance respecting magnets, 
his work " De Magnete " described a nimiber of elementary fact 
regarding them. He was the first to notice that the attractive powel 
appears to reside at the two ends of a magnet, called always \t%polesF\ 
This fact can easily be proved by placing an ordinary bar magnet 
among a number of iron filings, which will be seen to arrange them- 
selves in thick tufts round the poles, thinning as the centre is ap- 
proached, while at the actual centre there are none. This noo- 
attractive part of the magnet Gilbert named the equator, and the 1 
imaginary line joining the poles, the axis. I 

It has already been mentioned that a freely-suspended magnet seta 1 
itself in a particular direction with regard to the earth, viz., with one J 
pole pointing nearly North, and the other nearly South ; moreover, it J 
is always the same pole which points in the same direction ; for if » I 
magnet be turned by any means out of its natural position with I 
regard to the earth, it will return to it again the moinent the con- I 
straining force ceases, the pole which was before pointing North I 
resuming the same direction. Let it now be supposed that there are 1 
two magnets the North-seeking poles of which have both been. I 
marked. One of these magnets is freely suspended (or balanced I 
wpon a pivot, which comes to the same thing), the other being held I 
in the hand. The free magnet will, of course, be turned into its' I 
osual North and South direction; and this being so, let its North* 1 
seeking pole be approached to the North-seeking pole of the second*] 
magnet, when it will be seen that the former is instantly turned awayl 
from the latter, thus showing that two North-seeking poles repel each\ 

Let us now vary the experiment by approaching the South-seekingfl 
pole of the magnet held in the hand to the North-seeking pole of thsia 
free magnet. We shall find that the latter will turn totvarif the South- 1 
seeking pole, and, if near enough, will rush into contact with it, thus -I 
remaining till the two are separated by force, showing that a North- 1 
seeking and a South-seeking pole attract each other. ^ 

It would appear, therefore, that as there are two kinds of electricity, I 
positive and negative, so there are two kinds of magnetism, North* I 
seeking and South-seeking. Moreover, since it is evident from the I 

' It is only in a long, thin bar magnet that the poles are actually situated at tbs J 
however. In thicker magnets they lie slightly nearer the centre. J 
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position taken up by a magnet with regard to the earth that the- 
North part of the latter attracts one pole of the magnet and the South, 
part the t)ther, and since only magnets have this power of attraction, 
and repulsion over other magnets, we are driven to the conclusion 
that the earth itself must be a magnet obeying the invariable law 
that like poles repel and unlike poles attract each other ^ and that this is. 
the reason of the North and South direction taken up by a freely sus^ 
pended magnet, whose North-seeking pole points to the South mag- 
netic pole of the earth, and its South-seeking pole to the earth's North 
magnetic pole. It is usual and more convenient to employ, instead 
of a magnet, a magnetic needle for experimental purposes. The 
needle is made of steel and is very light and thin, usually lozenge- 
shaped, and balanced on a pivot in the manner of that used in the- 
ordinary pocket compass. It is magnetized by being rubbed with a 
magnet ; and has, of course, a North-seeking and South-seeking pole. 
These are in common parlance called the North and South Poles, at 
least in England ; but the custom leads to very great confusion of 
ideas ; for if we name that pole of the magnetic needle pointing 
toward the North magnetic pole of the earth the North Pole, and that 
pointing toward the South magnetic pole the South Pole, we virtually 
state that like poles attract each other, which is the very reverse of 
the fact, and consequently the terms ^oxX^x-seeking and %o\x\.\i'Seekifi^ 
which have frequently been adopted by English men of science are- 
far more correct, and will be used in the present work. 

A magnet always has two poles, one North-seeking and one South-^ 
seeking ; it is quite impossible to obtain a magnet with one pole only; 
but a magnetic substance, viz., a substance which, like iron, has the 
power of attracting and being attracted by a magnet, has no poles„ 
neither does it appear to have any force of repulsion, for it is equally 
drawn to either pole of the magnet which may be presented to it. 
Iron and steel are not the only magnetic substances ; nickel and 
cobalt show the same properties, but in a very inferior degree ; and 
some other metals, as well as paper, porcelain, and oxygen gas, are 
feebly attracted if exposed to the influence of a very powerful magnet. 

It was for a long time supposed that those substances not attracted 
by a magnet were not influenced by it at all ; but experiment has. 
proved t'..at if subjected to strong magnetic action they are repelled,, 
or at least appear to be so. Bismuth possesses this property in the 
most marked degree, and a small bar of bismuth suspended between 
the poles of two powerful magnets,^ turns itself so as to lie at right 
angles to the line between the poles, thus getting as far away from 
them as possible.* A bar of iron or steel suspended in the same 

' Electro-magnets, which wiU be described in a future chapter, are employed in 
these experiments. 

^ This behavior of the bismuth and of other dia-magnetic substances has, however^ 
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manner would, on the contrary, turn along this line so as to prcsenfl 
ends to the poles, thus approaching ihcm as closely as it caf 
Substaiices which appear to be repelled by magnets are called \ 
magnetii} 

By magnetic force is meant the force with which a magnet attraSI 
or repels another magnet, or with which it attracts a piece of iron, or 
of any magnetic substance. This force decreases with distance, and 
between two magnet poles it is directly proportional to their strength, 
and, if they are very small and far apart, inversely proportional to the 
square of the distance between them. 

It is easily miderstootl that the attraction between two unlike mag- 
net poles is mutual. Each is drawn toward the other ; but perhaps it 
is not quite so evident that the attraction between a magnet and a 
magnetic substance, a lump of iron for instance, is also mutual. At 
any rate, the popular idea is that the magnet attracts the iron, but we 
do not hear of the iron attracting the magnet. Vet this is equally 
true ; for if a magnet be balanced on a piece of cork and set floating 
in a basin of water, and a lump of iron be held near the edge of the 
basin, the magnet will immediately move toward it, just as we should 
see the iron move toward the magnet if their positions were reversed. 
Moreover, the action and reaction between a magnet and a magnetic 
substance are equal, just as the action and reaction between two 
magnets are equal. The fact is that a magnetic substance is one in 
which a magnet can induce temporarj' or permanent magnetism of the 
opposite kind to that of the pole presented to il, and this is the cause 
of the mutual attraction. 

Magnetic induction can only take place in magnetic substances, 
just as electric induction can only take place in conductors ; and here 
we may remark on the great likeness existing between some of the 
fundamental phenomena of electricity and magnetism. Electrified 
bodies can attract and can repel ; so can magnets. Electrified bodies 
can induce electricity in other bodies ; magnets in like manner can 
induce magnetism. Yet, though there are great similarities, there are 
■also great differences. An electrified body has no poles ; its power of 
attraction and repulsion resides all over its surface. Moreover, an 
electrified body electrifying another by contact, electrifies it in the 
same way as itself, and parts with some of its own original charge to 
do so. A magnet behaves quite differently; its poles always mag- 
netize in the opposite way to their own magnetism, whether by con- 
tact or by influence, and no magnet ever loses any of its magnetism 
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by imparting it to another body. It remains quite as powerful after 
as before the operation. Neither can it be said that magnetism and 
stationary electric charges show the slightest relationship to one 
another,* though, as we shall hereafter see, electric currents and mag- 
netism appear to be very closely connected, indeed ; and since current 
and static electricity have been proved to be the same agent manifest- 
ing itself under different conditions, we may justly infer that mag- 
netism .is not of a wholly different nature from either. 

Magnetic induction will take place through any substance, provided 
it be not itself magnetic. A magnet enclosed in glass or wood, or 
immersed in water, will equally exert its power of attraction and 
repulsion. But it cannot do this across thick iron, and a magnet 
placed within a thick hollow iron ball is incapable of influencing or 
being influenced by any outside magnet. The reason of this would 
appear to be that the action and reaction between the magnet and 
the iron employ the whole magnetic force of both, and therefore 
none can penetrate beyond the iron. Magnetic induction can take 
place across a vacuum, thus showing that the presence of ordinary 
matter is not necessary to the transmission of the magnetic forqes, 
and that the real medium by which they are conveyed is the ether. 

As has already been stated, there are various ways of making mag- 
nets. The simplest, but not the best, is by stroking the bar or needle 
t)f steel to be magnetized from end to end with a lodestone or steel 
magnet. This is called magnetization by single touch. Another and 
better way is to use two magnets, commencing by placing their oppo- 
site poles together in the centre of the bar to be magnetized (which 
is laid in a horizontal position), and then drawing them along to the 
«nds, repeating the operation several tinies over. This is called 
magnetization by divided touch. Both sides of the bar should be 
subjected to the same treatment, and care taken that it is methodically 
and regularly followed out ; otherwise there may be points between 
the true poles where other poles will be formed, called consequent poles ^ 
thus weakening the external influence of the magnet through the 
reaction of the consequent poles on each other. Magnets can be 
made by the action of the earth's magnetism on bars of steel held in 
the magnetic meridian, /'. ^., with one end directed towards the mag- 
netic North, and the other toward the magnetic South Pole of the 
'earth, and struck by a wooden mallet while in this position. A bar 
of steel raised to a red heat, and allowed to cool while lying in the 
magnetic meridian, also acquires magnetic properties ; but by far the 
most powerful magnets are made by placing a bar of steel or iron 
inside a coil of wire through which an electric current is caused to 
pass. The steel is made into a permanent magnet by this operation, 

* It appears that if a magnet and a charged body are in relative motion, a very 
slight inter-action occurs, tending to make them revolve round each other. 
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but ihe soft iron only retains the whole of its magnetic properties 
while the current is passing. During this lime, however, it E>ecoine& 
magnetized to a very high degree, indeed: and these electro-magm 
as Ihey are called, are by far the most powerful of any, and will 
described and explained in a' later chapter. Magnets which hi 
been magnetized to the highest degree of which they arc capabli 
said to be saturated. 

A magnet can be made of any shape, but the bar and and the hoi 
shoe are the most common. Instead of a bar a bundle of steel wires, 
may be magnetized, and will act as one magnet. These laminated 
magnets are stronger than single bars, provided the wires be mag- 
netized separately before being put together, A thin sheet of metat 
may be so magnetized that the whole of one face of it will pohsesa 
Nortii -seeking, and the whole of the opposite face South-seeking 
magnetism. Such an arrangement Is i^uUed a magnetic shell, and is. 
of considerable interest and importance, because it in many respects 
greatly resembles a closed voltaic circuit. 

By the strength of a magnet is meant the amount of magnetic force- 
it possesses, i. e., the power of attraction and repulsion shown by its 
poles ; but the lifting power of a magnet is a different thing. It signU 
fies the weight which a magnet is able to support, and that dependa 
on the surfaces of contact as well as on the strength of the magnet. 
A horse-shoe magnet has much more lifting power than a bar magnet^ 
for the simple reason that both its poles are pressed into the service^ 
whereas with a bar maguet one only can be employed for this purpose. 

Though steel once magnetized becomes so permanently, as we have 
seen, there are, nevertheless, circumstances under which it cannot 
retain its magnetic properties. They are weakened if the steel is A'ery 
much heated, though partially recovered as it cools, and lost altogether 
if it is made red hot. If the ordinary temperature of a steel magnet j& 
lowered, on the contrary, its strength increases, unless the cold to- 
which it is subjected be very extreme, indeed, when it loses its mag- 
netization,' The same thing happens if it is roughly used and knock«| 
about ; and this seems to point to the conclusion that magnetism ia. 
closely connected with molecular structure, .\ far more convincing 
testimony is borne to this theory, however, by the effect of rupture on- 
a magnet. The latter appears, as has been stated, to have no magnetic 
force at its centre. Nevertheless, if a magnet is broken in half, eacb 
half will be a perfect magnet with a North-seeking and a South-seek- 
ing pole ; and if the halves be broken in their turn, four perfect mag- 
nets will have taken the place of the single original one. In fact, the 
process may be repeated indefinitely ; and if the single magnet were to 

' Professor Silvanus Thompson slates that a steel magnet brought down to a tem- 
perature of 100° C. below zero loses its magnetic properties.^-" EEentCntary LesumsL 
in Electricity and Magnetism," p. 84. 
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koken a hiiinlred or a thousand limes, each piece, huwtvt-r small, 

^lUl still be a peTfeft niaguei. 

Only one. theory has been put forward wliicb seems to give a satis- 
factory expliuiation of this phenomenon. This is. that every molecule 
contained in a magnet is itself an infinitesimal magnet with a North- 
seeking and a Sooth-seeking pole, and tiiat the state of magnetization 
consists in all the molecules being turned the same way — set end to 
end as it were— so that the North-seeking poles all point in one 
directilsn, and the South-seeking poles in the opposite direction. The 
inevitable result of such an arrangement would be, that the magnetic 
force would always appear to lie at the ends of the magnet, and yet 
that it could be divided into any number of perfect magnets. 

There are other phenomena besides those already mentioned which 




support the molecular theory of magnetization. A bar of steel when 
magneti/.ed slightly lengthens, thus showing that there is a change of 
arrangement in the molecules, and that it must be one which places 
them parallel to each other: Water rendered muddy by being mixed 
wi'h fine magnetic oxide of iron becomes, when magnetized, clearer 
in the direction of magnetization, as though light were able to pass 
better by reason of the parallel arrangement. A metallic clink is also 
heard when iron is magnetized and demagnetized, and when this is 
rapidly done it becomes hot, showing that internal friction must take 
place.' 

' Since the aliovc was wrilten, Professor Ewing has given, in a paper on magnetic 
induction, conimutiifaied to section A at tlie raeelfng of the British Association, at 
Leeds, i8yo, an acc<jiinl of some highly interesting and important experiments, which 
appcac to place the molecular theory oi magnetization on a much Rrmer hasia than lias 

3" been the case before. It may. in fact, be said to be to a great extent proved. 



The space all round a magnet, within which the magnetic forces 
make themselves felt, is called a magnetic field, and the directions along 
which these forces act have been called lines oj /oree.. Their shapes 
■differ according to the number, position and shape of the magnets 
forming the field. 

Figures of these lines of force are obtained by placing a sheet of 
paper over i magnet, and then sifting very fine iron filings through a 
muslin baj; over the paper. They arrange themselves in beautiful 
curving lin^s, each particle taking up the position assigued'to it by 
the combined action of both poles, so that at every point of the lines 
the resnltant direction of the attractive and repulsive forces is accu- 
rately shown. Fig. xi gives the curves of the lines of force in a 
-magnetic field formed by a single bar magnet ; Fig. 12 shows those 




in a field containing two bar magnets with opposite poles confronting 
each other ; Fig. 13 those wliere similar poles confront each other. 
These two last figures illustrate most strikingly the action of the 
attractive and repulsive forces. The lines from the opposite poles 
which attract each other, curve inward so as to enter ihe one pole 
from the other; the lines from the similar poles which repel each 
other curve outward, turning aside at right angles so as to get as far 
away as possible. 

The size and strength of a magnetic field depend on the strength of 
the magnet or magnets contained in it, and on their position with 
regard to each oilier. The strength is always greatest near the poles. 
Any magnetic substance placed in the field becomes for the time 
magnetized by induction. 
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CHAPTER II. 

MAGNETISM OF THE EARTH. 

"Cilbert discoverer of the earth's magnetism — Oscillations of magnetic needle before 
settling itself in the magnetic; meridian — Magnetic intensity — Magnetic poles of 
the earth — Declination of the needle — Variations in the declination and their 
causes — Line of no variation — Isogonic lines — Inclination of the needle — Inclina- 
tion 'compass — Magnetic equator — Isoclinic lines — Magnetic maps — Fluctuations 
in the earth's magnetism — Periodicity in the occurrence of magnetic storms — 
Influence of the sun on terrestrial magnetism — Effect of the earth's magnetic 
force on the magnetic needle, directive only — Magnetization of steel and iron 
objects by the earth — Magnetism of iron ships. 

THE honor of first discovering that tlie earth itself is a large 
magnet belongs to the same Dr. (rilbert whose name has 
•already been several times mentioned. As we have seen, a magnet 
or magnetic needle when freely suspended, /. ^., hung from, or bal- 
anced on the point, which is its centre of gravity, takes up a particu- 
lar position with regard to the earth, turning itself so as to lie in the 
magnetic meridian. It does not do this with one steady movement, 
but undergoes a series of oscillations before finally reaching its 
position of equilibrium, and every time it is moved or disturbed the 
•oscillations are repeated. By making calculations on the number 
which occur in one minute, the strength of the earth's, magnetism, 
called its magnetic force or intensity^ at the particular locality can be 
•discovered ; though it must be reniembered that the weight, shape and 
length of the magnet have to be taken into account, the number of 
oscillations executed in a minute depending on them as well as on the 
strength of the earth's magnetism. 

From the fact that the magnetic. needle does not point due North 
€ind South, we may infer what is in fact actually known, that the 
•earth's magnetic poles do not coincide with its geographical poles. 
The North magnetic pole is situated just within the Arctic Circle in 
Lat. 70° 5' N., Long. 96° 46' W. The South magnetic pole has never 
been discovered, and from various indications it is thought that there 
tnay be two. The angle made by the magnetic needle with the 
geographical meridian is called its declination, and this is continually 
varying. The North-seeking pole lies at present to the West in 
Europe and Africa, and to the East in Asia and the greater part of 
North and South America. Some of the variations in the declination 
of the needle take place gradually through a number of years, some 
annually and daily,' and some are the result of sudden electric and 
magnetic disturbances, such as displa} s of the Aurora Borealis, 

* The daily variations follow the course of the sun, or, rather, seem to make an effort 
to do so, foF they are very slight. 
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earthquakes and volcanic eriiptioi.s. 'I'hunderstorms and ordinary 
atmospheric perturbations produce no such effect, however. These 
accidental variations in the declination of the needle are known as 
magnetic storms, and are sometimes very marked indeed. Magnetic 
storms are always attended by a display of the Aurora Borealis in 
Northern latitudes, and are sometimes simultaneous at widely distant 
places on the earth's surface. 

There are certain parts of the earth where the magnetic North and 
South do actually coincide with the geographical North and South, and 
at these places there is no declination of the magnetic needle. They 
are connected by an imaginary line called a line of no dtclinalion, or 
agonie line, which passes round the earth, nearly from North to Souih. 
cutting the Equator at right angles. Besides the agonic line there 
are a number of other imaginary lines called isogonie lines. Each one 
of these connects places on the earth's surface where the declination. 
is the same. A map drawn out representing the isogenic lines is 
called a declination map,' and is of great service to mariners, whose 
compass is in like manner called a declination compass. It is not 
known who was the first inventor of this valuable instrument, but it 
was in general use in Europe in the thirteenth century, though in a 
much more primitive form than any with which we are familiar. It 
consisted merely of a magnetic needle set flouting in a basin of water 
by means of a cork or of two straws, and nothing then was undarstood 
about " declination ; " the needle was supposed to point due North and 
South." Hundreds of years before the compass was used in Europe, 
it was known to the Chinese, who navigated their ships by means of a 
magnetic needle pointing South, and it i.s even stated by Humboldt 
that looo years h. u. the Chinese had magnetic carriages in which to. 
find their way across the plains of Tartary. The compass consisted 
of the figure of a man with a movable arm pointing to the South. 

Beside setting itself in the magnetic meridian, there is another 
peculiarity to be remarked in a freely suspended magnetic needle, 
namely, that if placed in a horizontal position, its North-seeking pole 
dips downward in the Northern hemisphere, and its South-seekir.g 
pole in the Southern hemisphere. This fact was first discovered in 
1576 by a scientific instrument maker named Norman, and he con- 
structed an inclination compass or dip needle, designed to show the 
angle of dip or inclination which the magnetic needle makes with the 
horizon. Far more delicate and accurate instruments are now in use 
at Kewand other great observatories, where daily and minute records 
are kept of the three magnetic elements, as they are called, namely, 
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' Columbus is supposed to have t>een the first European to discover the declinatioii 
of tbe magnetic needle. ■ 
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the inteo^ty of the earth's magnetism at the particular spot, and the 
tleclination and inclination of the needle. 

Just as there are places where there is no (ieclination, so there are 
places where there is no inclination, and these are situated at the 
fanhest possible distance from the magnetic poles. The imaginary 
line which connects them, therefore, roughly follows the course of the 
geographical equator, cutting it at two points almost exactly opposite 
to each other, and situated one in the Atlantic and one in the Pacific 
tJcean. This line is called the magnetic i-quatar or aclinic Urn. hn- 
<linic lines are those which connect places on the earth's surface where 
^^^p inclination of the needle is the same. At the North magnetic 





ll^aDd 



NoctbEm Hemliphcrc. A, NorUi Magnetic Pole. 

the inclination needle is vertical, and could the South magnetic 
le be reached its position would, of covirse, be the same there. We 
have therefore very clear evidence thai llie magnetic force affecting 
the needle does really reside in the earth itself, and not at any point 
above its surface, for were this the case there would be no incHna- 
tion. Fig. 14 is a magnetic map of the world showing both the 
isiigonic and isoclinic lines of the Northern hemisphere. It is not pos- 
sible, however, to construct such maps accurately once for all like 
geographical maps. The inclination, like the declination of the 
needle, undergoes annual and other variations ; and in fact the minute 
id careful observations which have been made of late years show 
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that the magnetism of the earth is hi as continual a state of fliictJ 
tion as the waters of the ocean.' Nevertheless, it is possible to tletl 
mine what these fluctuations are likely to be for a few yearsT 
advance, and to construct maps wHich will hold good e 
for that length of time. The close study accorded to terrestij 
magnetism has brought out many curious facts concerning it, one of 
which is a certain periodicity in the appearance of magnetic storms 
which makes their greatest frequency coincidi; with the 
period of sun spots, i.e., every ten or elever years, it would s 
in fact, that there is some remarkable connection between the s 
and the earth's magnetism. One specially striking proof of this 
curred in 1S51, when a luminous muss was seen to cross a sun spot, ■ 
and at the same time the magnetic needle at Kew underwent great 
perturbations. Subsequent inquiries brought to light the fact that at 
the same moment one of the most violent magnetic storms 
known was going on in various parts of the earth. 

Before closing this chapter it is necessary to call attention to t 
fact that the effect of the earth's magnetic force on the magnetic 
needle is simply directive, causing it always to take up a particular 
position, but not imparting to it any power of locomotion, This ia 
proved by observing the behavior of a floating magnetic needle. It 
does not move toward the North, though it sets itself so as to point in 
that direction. Vet if we were to hold a magnet near the edge of the 
vessel, the needle would instantly move toward that, which seems to 
necessitate an explanation of its different behavior with regard to the 
earth. The fact is that in ordinary cases the needle moves toward 
the magnet because the nearer pole of the latter acts more strongly 
on one pole of the floating needle than on the other. In the case of 
the earth, however, both its poles are so far away from the needle 
that the one which is nearest exerts equal and opposite forces on the 
latter, forming what is called the krrestrial magnetic caiiple, tending to 
turn the needle round, hut not to cause any movement of translation.' 

It has already been stated that the earth is able to induce magnet- 
ism in steel or iron bars ; but, in fact, any steel or iron objects, or 
masses of those metals, are affected in the same way. Fire-irons 
which have been allowed to stand for a considerable time in a ver- 
tical or inclined position become magnetized, the lower end being a 
North-seeking and the upper end a South-seeking pole ;' and the same 

' These fluctuations in the magnetism nf the earth cause what are Icnnifn as " eartb 
ciiiTents." often very Iroublesome in telegraphy. They always occur during magnetic 
storms, and there are also esceedingly weak daily earth currents, flowing from the 
roagaetic poles lou-ard the equator. 

^ Aoy two equal forces acting in opposite parallel ilirectluns to each other, on a 
rigid body, tend to produce a movement of rotation. 

' That is, in the Northern hemisphere. In the Southern the reverse would be th« 
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remark applies to railings, lightning rods, etc. Objects made of steel 
or of cast iron retain this state of magnetization, but pure, soft iroft 
cannot do this, as it possesses no retentivity^ or coercive force as it is 
called. R)r this reason a bar of soft iron magnetized by the earth 
has the magnetism of its poles immediately reversed with the reversal 
of their position if it be tapped, that which was a North-seeking be- 
coming a South-seeking pole if turned upward. This phenomenon is 
very rarely observed, however, in common objects, as the ordinary 
iron of commerce is not perfectly pure, and therefore possesses a 
slight retentivity, even the tools in a smith's shop showing faint signs 
of magnetization. 

The most important effects produced in this way by the earth's 
magnetism are those on iron ships, which during the process of build- 
ing become, owing to the hammering they receive while under the in- 
fluence of the earth's magnetism, permanently magnetized, and 
consequently able to exert a disturbing influence on the compass 
needle, which is thus in many positions of the ship unable to lie in the 
true magnetic meridian. Such a result is of course disastrous to 
navigation, and various methods of obviating it are resorted to. The 
use of compensating magnets, /. <?., masses of iron placed in such a 
position with respect to the compass that they neutralize the effect of 
the ship's magnetism on it, is one ; but here a difficulty arises from 
the fact that after a first voyage the magnetism of the ship generally 
alters, becoming less strong than it previously was, owing to the buf- 
feting of the waves. In fact, for a considerable period every voyage 
makes a difference to the ship in this way, and the compensating mag- 
nets have to be frequently altered, lest they in their turn should dis- 
turb the compass needle by ov.er-compensating the magnetism of the 
vessel. Fortunately, after a time this does become really fixed, but 
until then so great are the difficulties attending the use of compensa- 
ting magnets that they are frequently dispensed with, and a table of 
errors drawn up by careful observation of the magnetism of the ship 
and continual comparison with the indications of the conipass needle 
is trusted to instead. In the Royal Navy both methods are em- 
ployed. The extreme importance of care in this respect is demon- 
strated by the fact that the loss of ships has been known to occur 
owing to errors in the compensating magnets which rendered the 
compass directions untrue. Such a disaster has, however, never oc- 
tnrred in the Royal Navy — a fact on which theauthorities justly pride 
themselves. 

Frequently a standard compass is placed in the masts, so that it 
may be as far removed as possible from the influence of the ship's 
magnetism* 
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Definition of an electric current — Direclion of the current — Galvanic battery — I 
scription of simple voltaic or galvanic cell — Effects of the current — Its cauw 
Poles — Electro-motive force — Resistance — Ohm's law — Difference betwt 
eleclro-motive force of cells in series and in parallel — Weakening of c 
rent llirough polarisation — Daniel I 's cell — Grove's and Bunsen's batlcriei 
Principle common to all batteries— Secondary batteries — Possibility of obtaini 
them due to polarization — Self-inducrion — "Extra-current" effects — Space s 
rounding wire conveys the electric current as well as the wire itself — Nature a 
effects of an electric current the same from whatever source it is supplied-^ 
Thermo-electric currents and the thermopile. 

IT can hardly be said that in the section devoted to static electriciffl 
no mention was made of currents, for all discharge was shoi( 
to be a flow, and flow is bnt another word for current. That v 
takes place in discharge, however, is momentary, and by a current i( 
electricity a (ontiniious flow is nearly always understood. Th 
tinuous'flow is caused by a maintained difference of potential betwe< 
one point and another, and when once set up it does not cease unfj 
the potential is equalized, any more than a river would cease flowiq 
unless its whole bed became level or its springs were dried up. 

By the direction of an electric current is invariably meant the J, 
Jroni positive to negative, though it must not be forgotten that there 
always a negative current as well, whose course is exactly oppositj 
i.e., from negative to positive. In practice this is usually entire^ 
ignored, a fact which does not render it one whit the less iniportatfl 
and interesting to those whose inquiries turn toward the nature of^ 
electricity. No satisfactory theory can be propounded which doe^ 
not take into account the double current. 

One of the easiest and most familiar ways of producing an electri^ 
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■current is by means of ttie I'oltau or Gaivanic battery, diacovered to- 
ward the close of the last century by the researches of two emini 
Italian scientists, Volla and Galvani, working independently of each 
other and on some theoretical points diametrically opposed. 

A battery consists of a larger or smaller number of cells or " ele- 
ments " exactly like each other, and the following is a description of 
^hc earliest form of cell. A strip of copper and a strip of zinc are 
"placed, not touching each other, in a glass or porcelam vessel con- 
I laining an acid liquid {a very weak solution of sulphuric acid is 

L .generally used), and are connected by copper wires, starting one from 

^H ilhe zinc and the other from the copper plate (Fig. 15). When these 
^^^K wires are joined a current of electricity is 

^^H -"'n. ^firt****^^^ sc' "P which flows from zinc to copper 

^^^ jH^] f lL through the liquid, and from copper to zinc 

P ^^-- Lll U P? through the wires, that is, riglit round the 

I I I I J IF- circuit, and it continues to flow thus till the 

I '^N==J^^5^Ja wires are disconnected. The junction be- 

I Pr^^^^i^^ tween the wire and the copper plate is 

I ^^^^^^3*^ called the positive pole or ekclrode, because 

I |^~| p? rr^' it is there that the positive current through 

^^^^^^^|jy the wires begins, and the junction between 

the wire and the zinc plate is called the 

a *ici. I..— Single Galvanit Cell, in- . , i j -r-i - 

^^^^ iiicaiLng iho directiun oF the negativc polc or electrode. This current 
^^^^^currcat ihrough ihe Uquid and produces all the same effects as a discharge. 
^^^■^^ Th^K^'irj^™^^ The magnetic needle is deflected by : 
^^^^K z M ti» cspper plate of 40 id- chemical decomposition is caused, a thin 
^^F Sit^f""i^r.^nidg «ii'' """ "''■^ becomes heated, and if the ends of the 
^^^H two wires are placed on the tongue a pecu- 

^^^liar taste is noticed. All these effects are greatly enhanced by 
I placing a number of cells in series, connecting the zinc plate of one 

I to the copper of the next, and so on, the wires being fixed to the 

terminal zinc plate at one end and the terminal copper plate at I 
[i^[ier_ When the cells are thus connected, the current flows from one 
» the other, but they may be arranged in parallel, i. e., all the zinc 
lates connected to each other, and all the copper plates to each 

The current then divides itself between the cells. 

At this point the question naturally arises. What causes the current ? 

i long and fierce war, perhaps hardly yet terminated, was waged by 

e disciples of Volta and Galvani respecting the right answer to be 

given. The former maintained that the current was due to contact 

t dissimilar metals, the latter to chemical action; and since both these 

auses exist in the battery, and both produce difference of potential. 

fcich is as necessary to the existence of a current as difference of 

is to a Row of water, it seems very difficult to decide between the 

Probably the right way of addressing the disputants would have 
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been in the words of ilie traveler called upon to arbitrate in llie far- 
famed quarrel concerning the color of the chameleon, 

" You both are right and bofh are wrong." 

It probably is the contact of dissimilar metals which causes the 
difference of potential in the first instance, and the effort to maintain 
this potential difference requires chemical action, so that the chemical 
action, to be presently described, maintains the cojitinuous flow. 

The work done in a galvanic battery may be compared to the work 
done by a pump. The pump raises water from a low to a high level, 
in opposition to the natural tendency of water to flow from a high to. 
a low level. Work is thus expended on the water which is reproduced^ 
minus' the amount wasted in friction in the pump, by the water as it 
flows back to its original level. In a galvanic battery electricity is. 
raised from a low to a high potential in opposition to its apparent 
tendency to flow from a high to a low potential. Work is thus done 
on electricity which is reproduced, minus the amount wasted in over- 
coming the resistance of the battery cells, by electricity as it Hows 
back through the outer circuit to its original potential. What hap- 
pens inside the cells of a battery, then, is that an electric current is. 
driven against a difference of potential (or of electric level), and that 
a difference of potential is consequently produced and maintained 
between the terminals or electrodes of the battery. What happens. 
outside the battery is that a flow of electricity takes place between the 
terminal at high potential to that at low potential, so that the direc- 
tion of the current is with the slope of potential, and work is done by 
it on its road. Electricity is raised from a low Co a high potential 
inside the battery, and caused to flow from a high to a low potential 
in the same circuit outside the battery, by what is called ekclro-mottve 
force. No electric current can exist anywhere without an electro- 
motive force ; and since in very many instances it may also be saitji 
that no current can exist without a difference of potential, these two 
terms, electro-motive force and difference of potential, are often 
regarded as interchangeable. Yet they do not express the same things. 
Electro-motive force may cause, or may be the result of, difference of 
potential, or may exist without it, whereas difference of potential can 
not exist without electro-motive force. Moreover, it is necessary to 
remember that though electro-motive force is thus named, it is not, 
accurately speaking, a force at all. It does not act on matter, which. 
is the characteristic of force. It acts on electricity, whatever that 
may exactly mean. And perhaps the most comprehensive definition 
which can be given of it is, that it is " the ratio of the rate of doing; 
work in the circuit to the current flowing." 

It has already been stated that, however good the conductor- 
through which an electric current is flowing may be, the latter always, 
encounters a certain amount of obstruction or resistance on its road. 



THE GALVANIC BATTERY. 75 

which may be considered analogous to friction in the case of ordinary 
matter. The power of the current to overcome this resistance depends 
on the force with which it is being driven along (on the electro-motive 
force); and the strength of the current, by which is meant the quantity 
of electricity flowing per second past a cross-section of the conductor 
conveying the current, increases in direct proportion to the increase 
of potential difference. It was ascertained first by Ohm, and has since 
been carefully proved by others, that in a metallic conductor of the 
same material, dimensions and temperature, the ratio of potential differ- 
ence to current-strength never changes, and may be called the reiiitarue 
of that particular conductor. This statement is known as Ohfns lau\ 
and has now been proved true for liquids. Its various applications 
are of the greatest importance and interest to practical electriciar^s. 

When the cells of a battery are connected in series, the sum of thdr 
respective electro-motive forces is the electro-motive force of the 
whole battery. When they are in parallel, the electro-motive force ^.f 
one cell equals that of the battery. The electro- motive force of ar.j 
cell is independent of its size, and is affected only by the ma:era.-i of 
which it is made. 

The current in the earlier batteries could on!v be na;r.i2.:r.'tc ^ 
short time, owing to the rapid decrease in its strc-r.^:r- oa-^^ zj \Zft 
very chemical action which prod'jced and susta::.ed ::. 'I r.:j or.*r..'j£- 
action consists in the disso'.vir.g of tnc ^ ^^'^'^., 

zinc in the acid, by wh:-.;: rr.ear.s sul- 
phate of zinc is formed anri hy^iro^^en 
gas set free. The latter forrr.s in bub- 
bles on the copper p'.ate. ar.d there 
does a two-fold mischief. Ir. the r.rst 
place, being a bad cor. d- cor. it ijreat.y 
diminishes the enectivtrr.t-^i of :he 
copper; in the 5e-:or.rl, \A'.'.:^ Wh^.i 
an clcctro-poiitive s-h-s'-ar.^.t t'-.-socrr-- 
ing posiiivelT eie^-trir.e':! iv cor.iict 
with other subst^-: it* ». \\ 




-.- - T .J 




up an opposing elt^.-.r-^rr.,:.-.* rcrc^t :-. 
the battery; '^ ^j^Sz.*^ w-";-. i ^^^-r,- 
positive carren: f^Tir.z :r. i-. c:.^-->.:' 
direction to the frst, ir-C v,:.=:^--^.: .■ vvwe- -.-:.• l vrr^ 

in this conditio n i* ?^l lo h»t v: i: z*:^. Tircacfr-. r.r.*-^- • -— rTr=i=r. 
and Tai5oc2s ot'.'> --iT- '-^*- -i-* -r "*«^ '*^''- ' -'^'- '' "^"^ =^^ ^" 

different clectrvi-t •..', -r^^.rr.t .t- v:- 
coning, air:! 
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re still much used. Instead of one, two liquids are employed in 
1, one in contact with the zinc, and one with the copper plaie, which 
■are sometimes rolled cylinder fashion, and divided by a porous, un- 
^lazed earthenware partition. The liquid, which is in contact with 
ihe copper plate, contains sulphate of copper as well as sulphuric acid. 
The effect of the whole arrangement is to intercept the hydrogen on 
its road, and instead of it particles of copper drawn from the 
sulphate of copper contained in the liquid are deposited on the 
copper plate, which, consequently, cannot lose in efficiency. 

Another form of battery much used is Grove's, where platinum is 
substituted for copper. Though capable of maintaining a current of 
ihe same strength for several hours at a stretch, the expense of the 
platinum constitutes a disadvantage in this battery ; and Bunsen con- 
trived one greatly used in laboratory experiments in which graphite, 
ihard gas carbon obtained from the interior of gas-retorts, ii 
instead of either platinum or copper. 

There are many other batteries unnecessary to describe here, th( 
suitability varying with the purpose for which they are employe 
One principle, however, is common to all. No battery can producd 
■current giving sensible effects unless there is a sensible consumptiM 
tjf its materials by chemical action, any more than a fire will give 
mmX sensible heat without a sensible consumption of coal. The 
material which is "burned" in a battery is generally zinc, which, 
being almost at the head of the electro-positive series (see p. 
24) and very readily oxidisable,' has not hitherto been replaced 
by another less expensive substance. In consequence of this it was 
found impossible to utilize electric currents on a large scale in 
any work, such as electric lighting, where powerful currents were re- 
quired, till some other method than that of galvanic batteries could 
be employed to generate them, for the consumption of material being 
proportional to the strength of the current, a large quantity of zinc 
must be used up in order to produce a powerful current for a consider- 
able time. In telegraphy,' where a weak current suffices, this objection 
■does not apply. It should be mentioned that it is necessary to use 
either perfectly pure or amalgamated zinc, otherwise chemical action 
^oes on, and the zinc dissolves even when the current is not passing, 
which " local action," as it is called, causes much needless waste. 

Before quitting this subject, mention must be made of what are 
called secondary batteries, in which the energy of a current may be 
Stored up as chemical work, and again given out in the form of electric 
•energy. They are also called storage batteries, and an opinion is often 
held by the unscientific that electricity itself is stored. Such is not 
' It is absolulely necessary ihat une of tbe metals employed in a batte[7 should have 
a great affinity for oxygen, as It is this aflinity which first starts the chemical action in 
thceelb. 
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the case, however; it is the energy of the current which is stored in 
the form of the products of chemical decomposition, and when this 
stored-up energy is freed, an electric current is again set up and chemi- 
cal recombination begins. A secondary battery cannot commence to 
work of itself. It needs in the first instance to be *' charjj^cd/* /. r., a 
current must be passed through its cells from an external source, in 
order to produce the chemical decomposition in which the work of 
storage consists. When this has been done for a sufficient length of 
time, the two batteries are separated, and the poles of the secondary 
being connected, a current is immediately set up, having all the proper- 
ties of, and being able to perform the same work as that fr(^m an ordi- 
nary galvanic battery. There is no necessity to use the secondary 
battery at once ; it will remain " charged ** for a considerable time^ 
;uh1 in this fact consist its importance and convenience. The method 
«/f charging by a galvanic battery, however, is very expensive, and in 
consequence no wide use could be made of the storage principle until 
other means of charging were available. The dynamo machines, to be 
described in a future chapter, supplied this want, and secondary bat- 
teries have consequently come into great request, being specially use- 
ful in electric lighting and locomotion. 

The possibility of obtaining secondary batteries is really due to 
polarization. We have already seen (p. 75) how an opposing electro- 
motive force may be set up in an ordinary battery by the dei)osit of 
hydrogen on the negative electrode, causing after a time a second 
positive current flowing in an exactly opposite direction to the first^ 
and so weakening its action. It is this, the polarization current, which 
is utilized in secondary batteries, and consequently the current in 
them flows always in the opposite direction to that of the charging 
battery. Ritter first discovered the principle of secondary batteries, 
called also accumulators, in 1803, and many years after the eminent 
French electrician, Gaston Plants, showed how it could be turned to. 
practical use. Faure's storage battery, an improvement on Plant<J*s, 
is now most generally used. 

It is usual and convenient to speak of the conducting wires as though 
they alone conveyed the current, but theoretically, and as a true 
explanation of what happens, this is not the case. We have already 
seen what an important part is played in the phenomena due to static 
electricity by the insulating medium, and its function in the case of 
electric currents is equally necessary, for it will easily be imderstood 
that though the wires appear to convey the current, the surrounding 
space must take part in the action also, because within such a space 
the magnetic needle is affected, and other magnetic and electric phe- 
nomena occur. We cannot therefore regard the wire so much as a 
sort of pipe through which something or other is passing, as the 
centre of a disturbance in the ethereal medium, which disturbance is 
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' ^iropagated along the outside as well as through the wire. It is, in fad 
now considered that the energy of an electric current travels enti 
through the insulating medium, anJ not through the wire at all, 1 
function of the latter liemg to dissipate, not to transmit, the energy ^j 
receives. By this dissipation, however, it enables the surroundir 
medium to continue transmitting more energy, instead of taking u 
passive strained condition, such as exists, for instance, in the dielectric 
layer of a condenser. 

This fact, that it is really the space round the wire, and not the j 
wire itself, which conveys the energy of an electric current, explainyJ 
a phenomenon which was for some time not understood, viz., that a-tt^ 
electric current does not instantaneously rise to its full strength vhex 
circuit is made, nor instantaneously cease when it is broken. A vefjkl 
slight, but still measurable, delay occurs in both instances, and in th< 
latter the sudden breaking of the circuit will often occasion sparlc^ 
showing that the current, unable to stop at once, bursts through ttM 
insulating medium interposed with an outbreak of heat and light] 
Water, which has been several times used as presenting an analogy fe 
electrical phenomena, affords one also here. Water enclosed in^^ 
pipe cannot he set in motion suddenly, or if already in motion cannoi 
be suddenly stopped, except by the exertion of a force which is v 
likely to hurst the pipe. With water these two effects are due t 
inertia, a universal property of matter which can neither start i 
stop moving unless force be brought to bear on it. Since an electri<S 
current exhibits the same peculiarity, we are naturally led to i 
whether that also possesses inertia, and the interest of the questjoi 
lies in the fact that if it did, electricity would be proved to be a fom 
of matter, however widely different that form might be from lhostt| 
with which we are familiar. Hut though in the instances cited abov^ 
(which used formerly to be called " extra-current " effects), electricit] 
appears to possess inertia, in other equally impoctant ways it seei 
entirely devoid of it. Inertia where it really exists produi 
defined mechanical effects, and examined by any mechauical mean] 
an electric current shows no sign of it. The fact is that the effec 
ob.served on making and breaking circuit, as well as others of i 
similar nature, are due not to the inertia of electricity, but to tilS 
electro-magnetic inertia of space (or rather of the medium which fild 
space), and this is quite a different thing. As we have seen, th^ 
space surrounding a wire conveying an electric current acquires tlS 
property of producing magnetic effects. Such a space must therefor^ 
be in a state of magnetization ; but it neither acquires nor loses thift.^ 
condition instantaneously, and in consequence causes those phe-J 
nomena (known as self-induction phenomena), which appear to befl 
due to the inertia of the current itself. 

In whatever way an electric current is given rise to, its nature andj 
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•effects are essentially the same ; and therefore, though one source 
only, the galvanic battery has yet been described, it will be well to 
give in the ensuing chapters some more detailed account of the 
yarious effects produced. Before doing so, however, a brief mention 
may be made of what are called thermo-electric currents. These arise 
from setting up a difference of temperature between two junctions 
formed of two different metals, the effect being more marked when 
bismuth and antimony are used than with any other metals. Two 
xnetal& joined Cor the purpose of giving rise to an electric current 
through inequality of temperature are called a pair^ and a number of 
these pairs may be united so as to form a kind of battery, which is 
known by the name of a thermopile^ every alternate junction being 
either heated or cooled above or below the temperature of the rest of 
the circuit. When a difference of temperature is set up between two 
junctions of bismuth and antimony the current flows from bismuth to 
antimony across the hotter junction, and from antimony to bismuth 
across the colder, the hotter junction being cooled and the colder 
warmed during the process, so as to bring them to the same tempera- 
ture as the rest of the circuit, when the electro-motive force (called 
thermo-electro-motive force) and consequent difference of potential 
causing the current cease. The currents thus produced are of a low 
electro-motive force, though some thermopiles have been constructed 
which generate currents strong enough to depose metals from their so- 
lutions, and they have even been made of some practical use in this way. 
The most usual and important function of the thermopile, however, is 
to act as an extremely delicate thermometer able to indicate the very 
smallest changes in temperature, and for this purpose it is invaluable. 
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CHEMICAL AND PHYSIOLOGICAL EFFECTS OF THE CURRENT. 

Difference in the way solid and liquid conductors convey an electric current — Analogy 
with heat — Electrolytes — Electrolysis — Electrodes — Anions and kathions — 
Deposition of metals by electrolysis — Electrolysis of water — The voltameter — 
Free atoms only appear at the electrodes — Grothuss' hypothesis — Physiological 
effects of the current — Galvani's experiments — Results of recent experiments — 
Exciting: effect of extraneous currents on living nerves — Difference between the 
physiological effect of the passage of a galvanic current and a Leyden jar dis- 
<:harge — And of continuous and alternating currents. 

Chemical Effects. 

AN electric current does not flow in the same way through solid 
conductors and through liquids. In the former it does not 
travel ivith the molecules of matter, but in some way through Ihtm, 
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whetKer we picture it doing so, as water filters through sand, or as. 
passing from one molecule to another like heat. Heat itself, however, 
travels in two ways, by what we call comlnctlon in solids, and by coi)»- 
vecCion in liquids and gases. In conduction there is an increasedil 
vibration of the molecules communicated from one to the other; iiir' 
convection there is an actual double journey of molecules, the hot, 
light ones rising to the fop, and the cold, heavy ones sinking to the 
bottom. Through most liquid chemical compounds electricity also, 
travels by a kind of convection. There is a double procession o( 
charged atoms, the positive alt going one way and the negati 
other way, and thus the two kinds of electricity travel with tli 
particles of matter, just as heat does wh^n any liquid is rising ii 
temperature.' 

In order to produce this double procession of atoms, liowev< 
chemical decomposition mnst take place, and all liquids do not undi 
go this when an electric current is passed through them. It onl; 
occurs when the liquid is a conductor, and turpentine as welt 
oils are non-conductors. Again, there are liquids which conduct 
without being decomposed by the process. Mercury and all molten 
metals belong to this class, but impurewater, as well as acid and saline 
solutions, undergo decomposition whenever a current is passed through 
them, whether inside or outside the cells of a battery, and they are 
known in consequence as electrolytes. The process of decomposition is. 
called electrolysis, a name originally bestowed by Faraday, and abbre- 
viated from electro analysis. The vessel containing a liquid under- 
going electrolysis is called an electrolytic cell, and the ends of the wires, 
leading from and to the battery, or the strips of metal {usually plati- 
num) to which the wires are connected, and which dip into the liquid, 
are the electrodes. The positive electrode is_ called the anode, and the 
negative the kathode. 

The atoms set free by decomposition and attracted to the respective- 
electrodes have been already mentioned. Faraday gave them the- 
name of ions, those which appear at the anode being anions (the ones. 
which go up), and those which appear at the kathode kathions (the 
ones which go down). The latter are regarded as being electro- 
positive because they move with the positive current toward the 
negative electrode, and the former as electro-negative because they 
move against the positive current toward the positive electrode. All 
metallic atoms are kathions — that is, they appear at the negative- 
electrode, and several metals have been discovered through electro- 
lysis by being disengaged from the substance with which tliey were 
united and deposited by themselves at the kathode. Potassium is 
one of these, and was discovered by Sir Humphry Davy. 

When very pure water is submitted to electrolysis, there must be 
' See " Modern Views of Electricilj," by Dr. Oliver Lodge, F. R, S., p. 60. 
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added to it a few drops of sulphuric acid, perfectly pure water appear- 
ing to act as a non-conductor. This being done, however, the process 
of decomposition commences at once, fixygen being evolved at the 
anode, thereby proving itself to be electronegative and hydrogen at 
the kathode, thus showing that it is electro-positive. Nearly twice as 
much hydrogen is given off as oxygen 
in consequence of the chemical com- 
position of water, which consists of 
two parts of hydrogen to one of oxygen. 
If it is desired to collect the gases thus 
set free, an apparatus like that showo 
in Fig. 17, and known as a voltameter, 
must be used. It consists of a vessel 
containing slightly acidulated water, in 
which are immersed two strips of plati- 
num connected by wires with the re- 
spective poles of a battery. The strips 
of platinum are the electrodes of the 
voltameter, and platinum is used be- 
cause it resists the action of every acid; 
Fic. 17,-VoiMnieMr. A, Mode: and is not easily oxidizable. ' Conse- 

K. kathode. , . , 

quently it does not tend to set up other 
chemical actions besides that of the current in the voltameter. The 
two inverted tubes over the platinum strips serve to collect the gases ; 
bubbles appear at the surface of the water with which they are 
originally filled, and as this happens the level of the water sinks, the 
upper part of the tube over the anode becoming filled with oxygen, 
and that over the kathode with hydrogen.' The voltameter affords a 
very direct way of measuring the strength of an electric current, 
because the amount of chemical action which takes place in a given 
time is directly proportional to the strength of the current, and within 
wide limits no other consideration need be taken into account. Cop- 
per voltameters are frequently used for practical purposes. Two 
plates of copper are immersed in a solution of copper sulphate (blue 
vitriol), and serve as the electrodes, that which is to be the kathode 
having been first carefully weighed. When the current is passed 
tiirough the cell, particles of copper are drawn from the solution and 
deposited on the kathode, while the anode gradually dissolves in the 
exact proportion necessary to replace the copper taken from the solu- 
tion. After a given time, the kathode Is removed and again weighed, 
its increase in weight indicating precisely the amount of current that 
has passed. Though this method of measurement is exceedingly 
accurate and direct, it can only be adopted in the case of large 
' The form of voltameter above described, though still frequently seen, is becom- 
ing very antiquated, and other better forms have been devised. 
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currents (such as those used in electric lighting) ; because in the case 
of small currents, though the amount uf chemical action taking place 

in a given time is always directly proportional to the current strength, 
it is too minute to be appreciable for many hours, or perhaps days. 
Weak currents are therefore measured by their magnetic, not iheir 
T:hemical effects, as will be presently described. 

There is one very curious fact regarding electrolysis which mnst 
not be left unmeotioned, viz., that the separated atoms never make 
their appearance except at the electrodes, and however many cells 
they may have to pass through before arriving at their respective des- 
tinations, nothing whatever is seen of them on the road. The only 
explanation which seems to account satisfactorily for this remarkable 
•phenomenon is that known as Grothuss' hypothesis." He supposed 
that each molecule of the electrolyte underwent a continual decom- 
position and recomposition. Thus, taking water as an instance, each 
molecule of which is composed of one atom of oxygen to two of 
hydrogen, the first molecule decomposed at the positive electrode sets 
free one atom of oxygen and two of hydrogen. The latter imme- 
diately combine with the oxygen of the second molecule, whose 
hydrogen is in turn set free, and passes on to combine with the oxygen 
of the third molecule, which is decomposed and recomposed in like 
manner, and thus the process continues till the negative electrode is 
reached, where the last two atoms of hydrogen, having no oxygen to 
combine with, appear free. 
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Galvani was the first to draw the attention of the scientific worh 
these, and he, himself, was accidentally attracted to the subject by 
observing one day that the legs of some newly killed frogs underwent 
violent contractions at every discharge of an electrical machine with 
which he was experimenting. This efilect was due to the "return 
shock," viz., to the frogs' legs having become charged by induction 
owing to the near neighborhood of the electrical machine, and con- 
sequently discharging themselves when it did. Not long aftemard 
Galvani discovered that if a living nerve and muscle are touched by 
two dissimilar metals in contact, an electric current is set up and the 
muscle contracts. Subsequently he proved that a single metal would 
have the same effect, and still later that metal could be dispensed 
with altogether, and the contraction produced by touching the nerve 
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at two diflferent points with a muscle taken from a living frog. Since 
his time these experiments have been tried on other animals, warm- 
blooded * as well as cold-blooded, and their scope greatly extended. 
From these researches it has been ascertained, first, that the power 
of contracting on the passage of an electric current is a distinguish- 
ing property of protoplasm, the physical basis of all animal and 
vegetable life ; secondly, that not only do extraneous currents pro- 
duce certain defined physiological effects, but also that electric cur- 
rents exist in the living nerves and muscles of all animals, independ- 
ent of any external stimulus, and that they cease with death, thus 
establishing an intimate connection between electricity and vital 
phenomena. What this connection really is, however, remains un- 
known, and in any case electricity and life are not, as some people 
seem to suppose, synonymous. 

The effect of extraneous currents on living nerves is invariably to 
excite them to action. Thus, if a feeble current be passed through 
the eyeball, a brilliant flash of light is seen, owing to the stimulus 
given to the optic nerve. If the ear be treated in the same way, 
musical sounds are heard. A current passed through the tongue 
causes a peculiar taste, and applied to the ordinary nerves of sensation 
a pricking and stinging are produced. These effects are mostly 
momentary, occurring only when the circuit is made or broken, but if 
this be done frequently and rapidly, an equally frequent and rapid 
succession of the effects may be produced. Where the current is 
strong enough to cause contraction, tetanus may ensue if the current 
be interrupted at frequent and rapidly recurring intervals, owing to 
one contraction not having time to pass off before another commences. 
The same effect can be produced by alternating currents (/. ^., currents 
flowing alternately in opposite directions). 

A galvanic current does not usually give a shock like a Leyden 
jar, but it will do so, when circuit is made or broken, if the number of 
cells in the battery is sufficient to give rise to a high electro-motive 
force, for it is the difference in this respect between a battery and a 
Leyden jar which causes the difference in their physiological effects. 
The battery gives out larger quantities of electricity than the Leyden 
jar, but the difference of potential between its poles is far less than 
that between the two coatings of the jar, and consequently the electro- 
motive force of the latter is much the greater. The Leyden jar dis- 
charge is like a small stream of water falling from a great height; 
the battery current like a large stream flowing over a very gently 
inclined bed, and it will be easily understood how much more likely a 
"shock " is to occur in the former than in the latter case, especially 

^ The experiments are much more difficult to carry out in the case of warm-blooded 
animals, because their muscles do not retain vitality so long after the general death of 
•the system. Nevertheless* the same results have been obtained. 
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as the resistance of the human body is very high e 
siderable electro-motive force to overcome it. 

The physiological effects produced by coiil.imious and alternatiiiff 
currents are also different, and the latter are both more painful and 
more dangerous than the former. A person accidentally touching a, 
wire, couveying a continuous current of an electro-motive force not 
high enough to give a shock causing unconsciousness, could release- 
himself at will. In the case of an alternating current he could not do. 
so, and would suffer painful muscular contractions while remaining 
fixed. Moreover, the human body can bear without danger con- 
tinuous currents of a much higher electro-motive force than it caa 
alternating currents. 




CHAPTER III. 

MAGNETIC EFFECTS OF THE CURRENT. 
First discovery of the deflection of the magnetic needle by the electric e 

tErsied's esperimenis — Ampire's mrmona ttchnica — Use of galvanoscope — Of 
galvanometers — Long and short coil instruments — Astatic galvanometer— Dis. 
turbing effect of the earth's magnetism — Compensating magnets^'! hoinson'i 
mirror galvanometer — Relationship between electric currents and magnetism — 
Wire conveying current acts as a magnet — Possesses a magnetic field — Magnetic 
behavior of a single wire loop — Equivalent to magnetic shell of the sanift 
dimensions — Application of Amp^e's rule — Experiment with melaQic ring 
attached to fioatiog battery — Modem theory of magnetism — Ampcrian currents 
— Production of rotation characteristic of magnetism ^Tendency of a single: 
magnet pole and an electric current 10 revolve round each other — Rotation of 
liquid conductors onder magnedc influence. 

THE magnetic effects of the current are of the greatest inipoi 
ance, and so long ago as 1803 it was known that an electa 
current deflects the magnetic needle from its true position, tending^) 
place it at right angles with the conducting wire, so as to make 
in fact, across the current. No use was made of this discovery, hoVB 
ever, nor was it even published, and to CErsted of Copenhagi 
belongs the honor of having established the fact by careful expelj 
ments and brought it to the notice of the scientific world. 

Fig. 18 enables CErsted's experiments to be understood, 
netic needle is placed between two wires lying in the magnetic 
meridian. One is above and one below the needle, and both are 
able to be connected with a battery. If a current is made to pass 
from North to South through the upper wire, /. e., above the needle, 
the North-seeking pole of the needle is immediately deflected to th^_ 
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•East. If it passes from South to North through the same wire, as in 

the figure, the deflection of the North-seeking pole is to the West, 

These deflections are enactly reversed if the current passes through 

the wire /'i/c?;' the needle. The 

e^ ' *' " ^ ^, North-seeking pole is then de- 

,^ " ^^^'^\\ "^^ fleeted to the East when the 

'TlrTw *^ current fluws from South to 

1^ . 1 i^ North, and to i he West when 

I ■ "^n ^'^ '^ Ru'A's from North to South, 

I ,^^^ Amp&re has given a very cur- 

B <z ^ ious memoria techiiica to facili- 

Kb. i8.— ww.wirHfiredtaihecMgneikmeridBo-, late the remembrance of the 
R*rr'^TS;S'bV"."™,'tS various .leaeaions. Suppose a 
Ifbanunith to notih above li, « indicaied byihe man swimming in the COnduCt- 
9'"™- ing wire wiih the current and 

|l(ways turning his face toward the needle,' all four deflections will 
then take place toward his left hand, so that keeping this rule in 
mind the following principle will be understood: "In the directive 
influence of currents on magnets the North-seeking pole is always 
( R eflected to the left of the current." 

^^^L The stronger is the current, the nearer does the deflection of the 
^^^Keedle approach to a complete right angle with the conducting wire, 
^^Iput it never entirely reaches this, the directive action of the current 
I being opposed to that of the earth, which tends to keep the needle in 

the magnetic meridian, so that the position of the needle must always 
■depend on the relative strength of these two forces. 

The deflections of the magnetic needle afford a means of indicat- 
ing the direction and strength of an electric current. An instrument 
constructed for the former of these two purposes is called a galvano- 
scope. The simplest of all is made by bending the conducting wire 
into a rectangular form, so that the current passes in one direction 
beliiw the needle and in the opposite direction above it, thus acting 
> «n it With a double strength, because, as we have already seen, a cur- 
rent from North to South below the needle deflects the North-seeking 
I pole in the same direction as a current from South to North above it. 

This apparatus, even when improved by having a great many turns 
I cf wire round the needle instead of one, so as to increase the effect of 

the current," cannot, however, do more than roughly indicate whether 
it is strong or weak, or which of Iwn currents is stronger. It cannot 
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effect of the current Is increased with every 
is also proportionately Increased (owing lo 
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correctly measure the strength of a current relatively to other cttj 
rents. Yet to know this is of the utmost importanL'e in practic 
work, ami for tliis purpose, thtxelove, gaivanomeftn are em]»loyed. tt^ 
is unnecessary to enter into any detailed explanation of them. The 
same instrument will not sint all purposes, bot every galvanometer 
roust have a magnetic needle surrounded by a coil of carefully insu- 
lated wire. In long coil instruments the wire is turned many, often 
thousands of times, and is very fine and thin. These instruments are 
extremely sensitive and are specially suited for very delicate experi- 
ments, and to include in circuits where the resistance is already great. 
In short coil instruments the wire is thicker and has comparatively 
but few turns, and these should be used in circuits of low resistance. • 
Some deiinite controlling force is needful in every galvanometer. It 
may be that of the earth, or of some fixed permanent magnet. In 
this case the magnet has to be placed at a considerable distance from 
the needle, so that the latter may be in a field of practically uniform 
strength. This condition is always perfectly fulfilled where the con- 




trolling force is that of the earth's magnetism; but in the case of vei 
sensitive galvanometers, where it is necessary that the controlliDJ 
force should be very weak, means often have to be employed 1 
obviate the effect of the earth's magnetism. To fulfill this purpw 
in some gidvanometers, use is made of an astatic pair of needles, i 
two needles of equal magnetic strength and size poised carefully c 
over the other in reversed positions, .so that the opposite poles 
confronted, each needle being surrounded by a separate coil of wip( 
the current through one coil being sent in the opposite direction % 
that through the other. The result of this arrangement is to neutrt 
lize the effect of the earth's magnetism on the needles through thd| 
mutual reaction, and a very high degree of sensibility can thus I 
attained. An astatic galvanometer of very great delicacy 
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William Thomson's mirror galvanometer, till recently used for signal- 
ing through submarine cables. Its general appearance is given 

The readings are made by means of a very small light mirn 

if silvered glass fastened to the magnetic needle. When the instrU' 

beam of tight is made to fall on the mirror from 

and is reflected with every movement of the needle to a diiferent 

point on the scale placed opposite, thus indicating exactly the amount 

>f deflection. The curved metallic piece M is a controlling magnet. 

In order that a galvanometer should be able to perform its object, 

'iz., afford a means of accurately measuring the strength of currents, 

is necessary in every instrument to ascertain the exact deflections 

of the needle corresponding to definite currents. When th 

a basis of comparison is provided, because the same instrument under 

me conditions will always show the same deflection for the same' 

iurretit. When the experiments and calculations necessary to dcter-~] 

ine the deflections of the needle of any particular galvanometer foi 

rariouB currents have been gone through, it is said to be calibrated. It, 

brated ahsohilely if the actual currents in amperes producing the- 

.different deflections are known ; and relatively \i only the connection. 

between these deflections and the relative current-strengths is de- 

terioined. 

The marked effects produced by electric currents on the magnetic 
needle, give a very clear indication that there is some close relation' 
riiip between such currents and magnetism. A yet more striking p] 
if this is, however, afforded by the fact that an electric current itself 

les magnetic properties. The simplest way of proving this 
by passing a battery current through a piece of straight copper wire^ 
and then approaching iron filings to it. The filings at once set them- 
selves at right angles to the wire and cling round it, continuing to do 
so as long as the current passes ; thus showing that the wire has ac- 
quired for the time being the power of attracting magnetic substances, 
if they come within its range of influence. In fact, it produces a mag- 
netic field. 

If, instead of a straight wire, a wire curved into a single loop, as iti 
Fig. JO, be used, and the current passed through that, the magnetic 
field is now enclosed within the loop 
coincides with its edges. In fact, such 
an arrangement as this is exactly like a 
magnetic shell, which we saw (p. 64) was 
a magnetized sheet of metal, one surface 
being entirely North-seeking and the 
other entirely South-seeking. If the ob- 
server be so placed as to took down on the loop, and the current be 
flowing through it from right to left as shown in the figure, /. e., in the 
■ame direction as, the hands of a watch move, the upper surface of th& 
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ioop and the space enclosed will be South -seeking. Referriog to Am- 
pere's rule, we should lind that a man swimming with the current and 
facing towards the centre of the loop would be obliged to keep his 
left side dou'it, consequently the North-seeking pole of a magnet would 
turn itself downward through such a loop. If, however, the current 
were flowing from left to right, /. c, In the opposite direction to that 
in which the hands oE a watch move, the upper surface of the loop 
and the enclosed space would be North -seeking. In swimming with 
the current and facing toward the centre, Ampere's man would have 
to keep his left side up. Transforming him into a magnet, we should 
find the Norlh-seeking pole urged upward. 

A curious and interesting experiment may be made to illustrate 
these facts by means of De la Rive's floating battery, which consists 
of a strip of zinc and a strip of copper passed through a large cork 
and set floating in a vessel containing acidulated water. If the me- 
tallic strips be connected by a stout copper ring, and a bar magnet 
held toward it, the ring will be attracted or repelled according to the 
pole presented. It the Norlh-seeking pole of the magnet be held 
toward the South-seeking face of the ring, the latter will be attracted, 
and will thread itself on to the magnet quite up to the centre. If the 
South-seeking pole be presented to the South-seeking face of the 
ring, the latter will be repelled, and if nevertheless forced to pass on 
to the maguel, will, as soon as let go, rapidly unthread itself, turn 
round so as to present its North-seeking face, and then re-thread itself 
up to the centre of the magnet as before. This is exactly how a 
magnetic shell would behave under similar circumstances, supposing 
that a hole were pierced through its centre to allow of its passing on 
to the magnet ; and in fact every closed voltaic circuit (of which the 
loop or ring we have been considering is an instance) is in all respects 
equivalent to a magnetic shell of the same dimensions. It attracts 
<tnd repels according to the same laws, and moreover, if placeditself 
in a magnetic field, it experiences just ihe same influence as the shell 
would do. We have therefore here a most striking illustration of the 
close relationship between magnetism and current electricity, and it 
will hardly surprise the reader to bear that according to the most 
modern theory they are in fact identical, only in the latter the flow 
takes place from one point to another, and may be compared to that 
of a river, whereas in magnetism the movement is one of rotation, 
like the motion of water in a whirlpool. According to this theory, a 
magnet (which consists of a number of infinitesimal magnets) has a 
separate current of electricity circulating round each one of its mole- 
cules, and these currents when a perfect slate of magnetization is 
reached, and all the molecules are set end to end, are parallel to each 
other. Without entering into details, which might be found tedious 
and complicated, it is sutScient to state that their effect oa exteraal 
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space and objects is exactly the same as though a current were cir- 
■culaling round the outside of the magnet. This is because only the 
iriirrents belonging to the surface molecules are free to act externally 
at all. those in the interior being neutralized by their action on each 
I other. The theory of these molecular currents is due lo Ampere, and 
ihey are called by his name, amperian currents. It is the case that 
tliey do satisfactorily explain magnetic phenomena, but it is not 
probable that they are called into existence by the act of magnetiza- 
tion. They are most likely already present in magnetic, and in fact 
in all substances. Magnetization merely renders their presence sen- 
wble externally, by setting them in a parallel direction through alter- 
ing the position of the molecules. Those substances, therefore, whose 
internal structure does not lend itself to such a change, or only with 
great difficulty, are not capable of magnetization in the ordinary 
jicnse of the term. It must be remembered, however, that when a 
sufficiently powerful external force is exerted, ail substances do feebly 
show signs either of magnetic or dia-magnetic phenomena, and the 
latter also are explicable by means of Amp&re's theory. 

That the production of rotation is a characteristic of magnetism 
can be very easily proved. One simple and striking experiment is 
described by Dr. Oliver Lodge in his " Modern Views of Electricity." ' 
A long piece of gold thread is suspended in close proximity to an 
upright bar magnet, and a current passed through the thread. The 
latter immediately begins to coil itself round the magnet, half of it 
round the North-seeking pole, and the other half round the South- 
seeking pole, in such a manner that the two halves form a common 
spiral. If the gold thread were exchanged for a stiff wire, and a 
flexible magnet used, the magnet would then coil itself round the 
wire. In fact, it is proved that a single magnet pole would, if free 
lo move, continually revolve round an electric current, and that an 
electric current would in the same way revolve round a magnet pole. 
As we know, however, it is impossible to obtain a magnet with one 
pole, it must always have two, and therefore a rigid magnet and a 
rigid conductor cannot possibly show this movement of rotation. All 
_, , they can accomplish is to place themselves at right angles to each 
Hjj^^^er, as we have seen the magnetic needle invariably tends to do 
^^^Hhen placed over, under, or near a wire through which an electric 
^^^Horrent is passing. 

^^^VLiquid as well as solid conductors can be made lo rotate under the 
^^^Rbfluence of magnetism. If a vessel containing acidulated water be 
^^Hplaced over a powerful bar magnet and electrodes immersed in it, one 
^^*al the centre of the vessel and one at the edge, the liquid will begin 
lo rotate, and that so forcibly as very likely to cause it to splash over 
the sides of the vessel when a current is sent through the liquid, 
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r7R-0M the observations made at the close of the preceding chapter 
" it will be seen that all magnets may perhaps be dectro-magneti^ 
because without electricity it is probable that neither magnets nor- 
magnetism would exist. The term is not used, however, in thisgene- 
a! sense, but refers exclusively to bars of iron or steel made into 
magnets by being enclosed in a spiral coil of wire through which an 
electric current is caused to pass. Sleel treated in this way becomes 
permanently magnetized, but a bar of soft iron only retains the 
whole of its magnetism while the current lasts. Consequently, this. ' 
being a great practical convenience, it is soft iron which is almoatM 
invariably used for the "core," as it is called, of electro- magnets,.;^ 
The amount of magnetism which the core retains when the current 
ceases is so faint that it seems hardly worth noticing. Nevertheless, 
as we shall hereafter find, this feeble " residual magnetism " has been 
made to yield the most important practical results, and it must not 
therefore go unnoticed. 

The principle of electro-magnets was known as far back as iSao^ 
when Arago and Sir Humphry Davy independently discovered that ■ 




bar of iron or steel could be magnetized, as shown in Fig. ii, 
bang enclosed in a wire spiral through which an electric current ^ 
caused to circulate. The first practical electro-magnet was, howevtd 
made and exhibited by William Sturgeon in 1825. and he is therefoH 
justly regarded as the inventor of this most useful and importa^ 
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appliance i>f electro-magnetism. Though a soft iron bar is always 
\ tesed ill electro-magnets, it is not indispensable. A wirespiral wiih- 
a core will also acquire magnetic properties, though uever to such 
intense degree. It is then called 
\ solenoid, and behaves like a bar 
ngnet, setting itself in the magnetic 
m if freely suspended, and 
, of course, a North-seeking 
and South-seeking pole, which have 

the power of attracting and repelling other magDetic poles, and 
of attracting and being attracted by magnetic substances. Fig. 22 
represents a solenoid arranged for suspension. 

In electro-magnets care must be taken that each coil of the wire is 
separated from the next and from the iron core, for if contact takes 
place at any point, the current passes from one coil to another instead 
of round each coil, and its effect Is thus weakened \ for as has been 
already stated in a previous chapter, the magnetizing effect of the 
mrrent is increased by increasing the number of coils in the wire, at 
last up to a certain point.' The insulation of the coils from each 
fether and from the core is effected by covering them with silk orcot- 
!t}n thread, the latter dipped in melted paraffin wax, or with a thin 
nating of gutta-percha, and they are wrapped as closely round the 
^Toore as can be managed without weakening the insulation. This is 
done to avoid the increase in resistance, which the greater length of 
wire required for wide coils would give rise to. The ends of the core 

I ahrays protrude beyond the coils. 

^^^BElectro-magnets, like permanent magnets, may be of any shape, 
^^^Htt the most usual are the bar and the horse-shoe. Fig. 33 represents 
^^^^B ^^ -...^ the latter in which two coili 




wire are used, leaving the central 
part of the magnet bare. In. 
order that with this arrangement 
one pole may be North-seeking 
and one South -seeking, the wire 
must be wound so that if the 
magnet were straightened out the 
coils would all follow the same 
direction. At whichever end the 
current enters the coils, the North- 
seeking pole is always that where 
it flows round Ihem in the oppo- 
site direction to the way in which 
the hands of a watch move, and 
South-seeking pole that at vhich it flows in the same direction.^ 
' See p. 85, note. 
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■If the wire is coiled irregularly, at every change of direction a conse- 
liqiient pole is formed, just as happens in the case of an irregularly 
magnetized ordinary magnet. 
The core of an electro-magnet takes time to become magnetizei]] 
iparily because an electric current does not (as has already been 
I stated, p. 78) attain to its full strength at once, and partly because! 
I \>i the transient inverse induction currents started in the core itself, f 
\ when tlie magnetizing current commences to flow through the coilftJ 
\ <see p. 98). 

Augmenting the strength of the magnetizing current, and augmend 
[ ing the number of convolutions in the coil of an electro-magnet, alila 
f increase the magnetizing power of the latter. In fact, for loi 
[ tensities of magnetization the amount of magnetism is approxim 
L proportional to the product of the current into the number of convch 
\ lutions of wire, but after a certain point is reached this ceases to bd 
I true, because as tlie magnetism becomes stronger and stronger it J 
P increases less and less slowly with the product, so that beyond a cer- 
1 point a very large increase in the product is necessary in order! 
to give rise to a small increase in the magnetism. Nevertheless, as T 
this small increase does take place, it cannot, strictly speaking, be 1 
said that such a thing as saturation exists in the case of an electro- i 
magnet. Other considerations beside the intensity of the magnetiz->.J 
ing force to which it is subjected, affect the amount of magnetism I 
which the core of an electro-magnet can acquire. The quahty of iron ■ 
of .which the core is made, its shape, length and thickness, are all of 
niportance. It must be remembered also, that since the resistance 
encountered by the magnetizing current increases with the number of 
coils, it would be a mistake to include an electro-magnet with a great 
many coils in a circuit of otherwise low resistance, because the total 
resistance would be thereby so much increased as to weaken the 
current. A few turns of stout wire would in this instance answi 
the purpose better, whereas in a circuit which already has a hig 
resistance an electro-magnet with many coils of fine wire is pre<i 
[ ferable. 

The wire used in the coils need not be of any particular meta 
' Copper is very often chosen, bjil for this purpose it has no speciJl 
merit except its small specific resistance, as neither the material nffl 
the thickness of the wire produces any effect on the strength of I 
electro-magnet. The important thing is that a sufficient quantity 
electricity per second should be carried sufficiently often round 1 
iron core to produce a magnetic field of the required intensity t 
tween it and them. For this purpose, when stout wire is used, ; 
turns will suffice, because in this case a considerable quantity of ele< 
tricity will be carried round the core of Hie electro- magnet i 
convolution, whereas in the case of fine wire a great many turns a 
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necessary, since one convolution only suffices to carry a small 
quantity of electricity round the core. , 

It is of interest to know why the introduction of a soft iron core 
into a wire spiral should so greatly increase its magnetic strength. 
The explanation is to be found in the fact of the alteration that takes 
place in the direction of the lines of force. These in an ordinary steel 
bar magnet run from end to end, and round outside from one pole to 
another (see Fig. 11, p. 65). In a solenoid (without a core) very few 
of them do this ; they nearly all remain as closed curves round the 
wire, each separate coil of which acts like a magnetic shell. When 
the core is introduced, on accoilnt of the high inductive power of 
iron, most of the lines of force in the solenoid are compelled to alter 
their direction and follow that of those existing in the iron itself, 
which run through the length of the iron and back from pole to pole, 
as in the case of the steel magnet already described. Consequently 
the strength of the poles, being thus reinforced, is very greatly 
increased. 



CHAPTER V. 

ACTIONS OF CURRENTS UPON CURRENTS — INDUCTION CURRENTS. 

Mechanical reaction of conductors which are conveying electric currents — Due to at^ 
traction and repulsion between the currents — Ampere's laws — Ampere's table — • 
Further laws — Induction of one current by another — Primary and secondary coils 
— Direct and inverse currents — Induction of currents by magnets — Self-induction 
— Its effect on the primary current — Contact-breakers — High electro-motive force 
of induction coils — Ruhmkorff's coil — Sparks from induction coils — The aureole 
— Effects obtained by means of Geissler's tubes — Effect of a magnet on luminous 
discharge through rarefied air — Induction currents in solid masses of metal — 
Lenz's law — Experiment with metal disc susp>ended between the poles of two 
electro-magnets — Currents of the higher order. 

HITHERTO our observations have been confined to the magnetiz- 
ing effects of an electric current, but another equally important 
fact demands attention. ' It is that electric currents act and re-act on 
each other, causing movements in the conductors conveying them. 
These movements are due to the mutual attractions and repulsions 
between the currents, for flowing electricity, like electricity at rest, 
exhibits these phenomena, though they are governed by entirely dif- 
ferent laws, first discovered and studied by Ampere. 

He found — 

I. That currents conveyed by parallel wires attract each other 
if following the same, and repel each othe if following different 
directions. 
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II. That currents conveyed by wires which are inclined to each 
other at any angle, are mutually attracted if both flow toward or both 
flow from the apex of the angle, and mutually repelled if one flows 
toward and one from it. 

Ampere devised an apparatus known as Ampere's table for observ- 
ing the actions of currents on each other. It consists of a stand with 
•double supports, upon which wire conductors of different shapes may 
be suspended in such a way as to allow them to rotate, and at the 
same time connected to a battery, so that a current may be passed 
through them and the behavior of the various portions of wire with 
regard to each other be observed. By the. help of this apparatus Am- 
pere showed that two parts of a circuit in whatever relative position 
they may be, experience a force tending to set them in such a direc- 
tion as to enable the currents they convey to flow in the same path ; 
also that a wire doubled back on itself, so that the current takes a re- 
turn path close to the one it was following before, does not exert any 
'external force ; and further, that a zigzag wire exhibits the same mag- 
netic influence over a not very near portion of the circuit as a straight 
•one. Ampere also demonstrated that a conductor never experiences 
a force tending to move it in the direction of its own length, because 
the attractions and repulsions between currents always act at right 
•angles to the currents themselves, tending therefore to make them re- 
volve round each other. 

Since a mutual action exists between currents and currents and 
between currents and magnets, it is not surprising that under certain 
•circumstances one current should be able to induce, /*. ^., bring into 
•existence, another, and that magnets should also possess the same 
power. In their case it is exerted whenever a magnet is moved about 
in the neighborhood of a closed circuit, or when the circuit itself is 

moved in or across a mag- 
netic field. In the case of 
currents, a current whose 
strength is changing induces 
a secondary current in any 
conductor near it ; and cur- 
rents produced in either of 
these ways are said to be 
caused by electro-magnetic 
induction, and are called in- 

Fig. 24.-P, primary coil ;S, secondary coil ;C, battery cell; fl^Ction Currents, Their dis- 
G, position of galvanometer. 

covery is due to Faraday. 
In order to show the induction of currents by currents, two coils of 
*wire are necessary, of which one is usually large eruough to allow of 
the other being inserted into its hollow. This is merely for con- 
venience' sake, however, as the relative size of the two coils is quite 




ACTIONS OF CURRENTS ON CURRENTS, 95 

immaterial so far as the generation of induction currents is concerned. 
The small coil, which is called t\it primary^ and is made of stoutish 
wire .with few turns, is connected to a battery ; and the large coil, 
in which the wire is fine and often coiled many thousand times, is 
called the secondary^ and connected to a long coil galvanometer, as 
shown in Fig. 24. 

When the battery current is passed through the primary coil and 
the latter inserted into the hollow of the secondary, the galvanometer 
tieedle indicates a momentary current in the opposite direction to that 
in the primary coil, and the same effect is produced if the current 
starts in the primary while it is lying in the hollow of the secondary. 
When the former is withdrawn, or when circuit is broken while it is 
lying in the hollow of the secondary, another current is indicated in 
the latter in the same direction as that in the primary. This is called 
•a direct current, and the former an inverse current. Inverse currents 
-are produced in the secondary coil whenever a current in the primary 
«coil begins, increases in strength, or approaches nearer ; direct cur- 
Tents in the secondary coil occur whenever that in the primary ends, 
•decreases in strength, or recedes. Neither inverse nor direct cur- 
irents ever occur except when a current in the primary starts or stops, 
'or when one of the coils is moved (for moving the secondary nearer 
to or farther from the primary produces the same effect as moving the 
g^rimary itself), and their duration is only momentary. 

To show the induction of currents by magnets, it is merely neces- 
sary to replace the primary coil of Fig. 24 by a bar magnet. It will 
4)e found that whenever the magnet is inserted in, or approached to 
the hollow of the remaining coil, a current is produced in one 
direction, and a current in the opposite direction whenever the mag- 
-iiet is taken out or withdrawn to a greater distance. 

Beside the induction of one current by another, |here is also the 
induction of a current on itself, called more shortly self-induction, to 
which brief reference was made in a former chapter. By it is really 
meant, that if two portions of the same circuit are placed side by side, 
the sudden commencement or cessation of a current in one portion 
tends to induce a momentary current in the other, just as if the two 
portions belonged to separate circuits. Thus, suppose we have a wire 

^ doubled back on itself, as in Fig. 25, and 

^= '^=:=^ V the primary current flowing in the di- 

~:;i::!l ""t^. rection indicated by the single barbed 

Fig. 25.-Diagramto iuustrate Self- arrows, at the Commencement of such a 

induction. 

current there would be a tendency to in- 
duce a momentary inverse current flowing in the direction of the double 

^ The result of having stout wire with few turns in the primary, and fine wire with 
«nany turns in the secondary coil, is that a large current of low electro-motive force 
Induces a <:omparatively small current of very high electro-motive force. 
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barbed arrows ; and at the cessation of llie primary current a ten- 
dency to induce a momentary direct current, flowing, of course, with- 
the single barbed arrows.' This Induction has the effect of weakeninj^ 
a current at its sUrt (thus delaying its growing to its full value), and 
strengthening it at its cessation, which is thus retarded. In fact, since- 
the induction of the current in one part of a circuit takes place on^ 
another part of the same circuit across the intervening medium, 
energy is transferred to the latter while the circuit is closed, and 
the current remains constant in strength, but is given back to the 
circuit again to produce the "extra current" on the stoppage of 
the main current. This is the reason why sparks are obtained oiv 
breaking circuit. They are much more brilliant if a coil of many turns, 
be included in the circuit ; and if the coil contains a soft iron core, thia 
again increases the sparking power. There are various automatic con- 
trivances called contact-breakers, or interrupters, used for making ancl" 
breaking circuit with regularity and rapidity, but a detailed descriptioni 
of them is unnecessary for the present purpose. 

Induction currents have an enormously high electro-motive force^ 
and very striking effects can consequently be produced by them. 
These are shown in a marked and powerful way by the induction coil 
or inductorium, often known under the name of Riihmkorff's coil, a& 
that inventor did much to perfect it. Its most important parts are^ 
of course, a primary and secondary coil, placed one within the other^ 
and the former connected with a battery, and containing a core of 
straight soft iron wires. Under the coils there is a condenser, which< 
is placed within a flat wooden box and consists of .sheets of tinfoil^ 
separated by sheets of paraffined paper, each alternate piece of tinfoil' 
being electrically connected, so that the whole set forms two series^ 
corresponding to the inner and outer coatings of a Leyden jar, A 
contact-breaker cind a commutator or key, whose use is to reverse the- 
direction of the battery current whenever the operator chooses, com- 
plete the apparatus. The wires from the primary coil are, as has. 
already been said, connected with the terminals of a battery, and 
those from the secondary with the condenser, the use of this latter 
arrangement being that the spark on breaking circuit may be miti- 
gated by lessening the amount of e.xtra current in the primary coil,, 
some of the electricity flowing into the condenser, instead of to the- 
point where the break is made. 

The sparks from an induction coil are extremely powerful, and. 
often attain a great length. From eighteen to twenty inches is not 
at all unusual with a large instrument, and sparks a metre long have 
been obtained from some of its mowt modern forms. These sparks; 

' In a simple circuit, such as that represented in the figure, there would be very 
little self-iiiduclion. however , whereas in a circuit coiled many times on itseir, Ihercr 
would be u ^reat deal. 
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